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Abstract 
Around 350,000 species of microalgae are estimated to have evolved globally (Brodie and 
Zuccarello 2007), many of which have not been identified. These organisms are potentially useful 
for a wide range of applications, including biomedical (pharma- and nutraceutical), agricultural 
(biochar, cattle and aquaculture feeds) and energy applications (bio oil, hydrogen and diesel) and 
especially high value products. High yielding microalgae strains therefore offer the potential to (at 
least in part) address the demands of an ever increasing human population across a number of 
applications. This clear potential has motivated a widespread search for suitable, superior and 
economically viable microalgae strains, but the workload and costs associated with maintaining 
larger strain collections, coupled with finite storage capacity poses a significant limitation. One 
solution to these problems that removes the need for continuous culturing and allows sample 
storage for theoretically indefinite periods is cryopreservation. 
 
There are established techniques however the underlying mechanisms of cryopreservation, which 
involves freezing and storage at very low temperatures (-196 
o
C), are poorly elaborated and 
required further study. The aim of this thesis is to investigate the biological mechanisms relevant to 
cryopreservation and to apply this knowledge to adapt cryopreservation as a viable technique for the 
long term storage of a broad range of microalgae. Two successful cryoprotectants were empirically 
identified: sucrose and dimethyl sulfoxide. They were found to have a synergistic effect in terms of 
the recovery of cryopreserved samples, with 6.5% (v/v) being the optimum DMSO concentration. 
The effect of 200mM sucrose was found to be largely due to improved cell survival and recovery 
after thawing. Additional factors with a beneficial effect on recovery were the elimination of 
centrifugation steps (minimising cell damage), the reduction of cell concentration (which is 
proposed to reduce the release of toxic cell wall components) and the use of low light levels during 
the recovery phase (proposed to reduce photo-oxidative damage).  
 
The success of the optimized two-step cryopreservation method led to similar studies on three facets 
of cryopreservation (Light, carbon sources and ice crystal formation). The study involved the 
investigations into the effect of dark incubation periods (1, 2, 3, 4, 5, 6, 18 h) after thawing, carbon 
sources (starch) during recovery and the investigation of high pressure freezing (HPF) as a novel 
method of cryopreservation (chapter 3). Due to its mechanism of rapidly vitrifying samples by the 
rapid application of high pressure, HPF can theoretically limit freeze induced injury due to ice 
crystal formation while the small size of the resultant samples has potential to reduce storage costs. 
Sample conditions tested included cryoprotectant types (DMSO, methanol, proline, agarose, 
sucrose, dextrin and trehalose), planchette toxicity (gold plated vs. aluminum), sample size (0.5, 1, 
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1.5, 2 L) and cell concentration (1, 2.5, 5, 10, 20 x 103 cells L-1). Samples grown in heterotrophic 
media with gold-plated or aluminum planchettes showed no significant difference to control 
samples. The gold-plated planchette was used for further experimentation due to the faster 
throughput in comparison to aluminum planchettes. While in principle, proof of viability was 
established in sample size and cell concentration experiments, both had low recovery rates. This 
may have been a result of handling processes or the high pressures involved in HPF. Both dark 
incubation periods and the supplementation of starch (25mg mL
-1
) lead to increased cell viabilities 
suggesting the importance of post thaw nutrition and reduction of reactive oxygen species. 
 
During culture recovery from cryopreservation, it was noted that cell death was more pronounced in 
the presence of glucose than that for sucrose, despite rapid initial growth. As the ability to recover 
cryopreserved cultures is a critical part of the cryopreservation procedure, mechanisms of this effect 
were investigated. It is theorised that cell death can occur during the cooling (ice crystal formation) 
or thawing steps (necrosis or programmed cell death) of cryopreservation procedures. It was shown 
that rapid death of C. sorokiniana was the result of glucose induced reactive oxygen species (ROS) 
formation and subsequent programmed cell death (PCD). Programmed cell death was confirmed 
through the observed ROS production (ascorbic acid mediated survival and dihydroethidium 
staining), caspase activity (caspase inhibitor sensitivity) and the detection of hall mark DNA 
fragmentation patterns typical of PCD (DAPI staining and agarose gel electrophoresis). These 
results demonstrate that glucose can induce programmed cell death and provides insights into one 
form of carbon source incompatibility in growth media. This constitutes chapter 4 and has been 
submitted for publication to the journal of Phycology. 
 
Cryopreservation is an important technical capability for microalgal research and industry. Results 
obtained from the studies described here demonstrate potential for application towards large scale 
microalgae production systems (PCD, subsequent ascorbate reducing ROS mediated cell death and 
varying carbon source preferences for different microalgae species), microalgae species isolation, 
strain development and high throughput cryostorage (underlying cryopreservation mechanisms) and 
vitrification solutions for fragile microalgae strains (HPF and associated growth conditions). 
Finally, there is potential for applications towards the cryopreservation of a broader range of algae. 
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1.0 Introduction 
1.1 Oxygen evolution and photosynthetic diversity  
The biosphere 3.8 billion years ago (bya) is proposed to have been anoxic and highly enriched in 
environmental hydrogen, sulfur, iron, methane and ammonia (Canfield et al. 2006). During this 
period, anoxygenic phototrophs were thought to utilise H2, Fe
2+
, S
0
 and H2S as their primary 
electron donors (Canfield et al. 2006). Anoxygenic phototrophic prokaryotes included the green 
sulfur bacteria (sulfur: 2S
0
+ 3CO2 + 5H2O  3CH2O + 4H
+
 + 2SO4
2-
; ferrous iron: 7H2O + 4Fe
2+
 
+ CO2  4FeOOH + CH2O + 8H
+
), purple sulfur bacteria, (hydrogen sulfide: H2S  S  
H2SO4
2-
 + CH2O), green and purple non-sulfur bacteria (hydrogen: 2H2 + CO2  CH2O + H2O). 
It was not until 2.6 bya that prokaryotes evolved oxygenic photosynthetic machinery, with 
cyanobacteria being one of the most prominent photosynthetic bacterial groups during this period, 
which today is thought to consist of  
2 - 8 x 10
3
 species (Nabout et al. 2013). The production of oxygen via oxygenic photosynthesis led 
to the great oxidation event (2.4 bya) leading to the oxidation of iron deposits (3O2 + 2Fe
2+
  
2Fe2O3) which started a chain of events including the Huronian glaciation (2.4 bya), the oldest ice 
age, due to the oxidation of methane to CO2 (2O2 + CH4  CO2 + 2H2O conversion; CH4 being a 
strong greenhouse gas) and the creation of the ozone layer (Melezhik 2006; Goldblatt et al. 2007).  
 
Green algae eventually emerged as one of the primary producers of O2 and are now understood to 
be the result of an endosymbiosis event between eukaryotic cells and a cyanobacterium (Keeling 
2004). Today, green algae span 12 taxonomic classes (cyanobacteria not included) and estimates of 
species diversity range from 1 x 10
4
 - 3.5 x 10
5
 (Guiry 2012; Brodie and Zuccarello 2007) (Fig 1). 
The evolution of algae further gave rise to embryophytes (land plants) which are thought to consist 
of 2.8 x 10
5
 species (Lewis and McCourt 2004; Leitch et al. 2005). To date, only ~36,000 total 
algae species have been identified and characterised (Guiry 2012). 
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Fig 1. Phylogenetic tree of the evolutionary lineages of green algae. 
The figure is taken from (Leliaert et al. 2012) and shows the phylogeny of the chlorophyte and charophyte divisions 
which represent 12 subsidiary classes of green algae. They are thought to have evolved from an ancestral green 
flagellate (AGF). Figure taken from Leliaert et al. (2012). 
 
All plants are thought to have originated from an ancestral green flagellate (AGF). The resultant 
phylogentic tree is shown in Fig 1. The Chlorophyta division comprises the bulk of green algae 
diversity and consists of 6 classes. These include the Prasinophyceae (motile unicells, organic 
body scales), Pedinophyceae (single flagellum, persistent telophase spindle), 
Chlorodendrophyceae (scaly quadriflagellates), Trebouxiophyceae (non persistent metacentric 
spindle, phycoplast mediated cytokinesis), Chlorophyceae (pyrenoids, pectin and cellulose cell 
wall) and Ulvophyceae (sporophytic multicellular generation, free living haploid and dipoids). The 
Charophytes consist of Coleochaetophyceae (epiphytical growth, asexual motile cells, oogamous 
sexual reproduction), Zygnematophyceae (unbranched filaments, conjugative sexual reproduction), 
Charophyceae (elongate and multinucleate cells, branches radiating from uninucleate cells), 
Klebsormidiophyceae (unbranched filaments, asexual motile spores), Chlorokybophyceae 
(cytokinesis by furrowing) and Mesostigmatophyceae (reproduction by bipartition and zoospores, 
filaments consists of walled cells) (Leliaert et al. 2012; Skaloud et al. 2013; Marin and Melkonian 
1999).  
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The broad variety of cellular characteristics make green algae ideal for the study of primal functions 
such as photosynthetic machinery, cell growth and metabolic interactions (Metting 1996). The 
biological diversity also provides an excellent basis for strain selection for a broad range of 
commercial products including foods and fuels. In general microalgae are small eukaryotic 
organisms ranging between 1 ~ 200 m (Larkum et al. 2012; Skaloud et al. 2013) and have been 
used for research and commercial purposes. Some applications are described in more detail below.  
 
1.1.1 Uses of microalgae 
Microalgae can be used to produce a wide range of products (Table 1) and in conjunction with their 
high growth yields offer the potential to contribute to the production of aquaculture and animal 
feeds, habitat restoration (bio-char, heavy metal extraction), renewable fuel (e.g. oil based fuels, 
ethanol, methane and hydrogen), pharmaceuticals (bioactive expressed proteins and vaccines) and 
nutraceutical production (health supplements) (Metting 1996; Harun et al. 2010). A selection of 
microalgae applications are briefly discussed below.  
 
Table 1: Microalgae used in bioenergy and organic chemicals industry  
 
(Larkum et al. 2012) 
 
Aquaculture: The market for farmed fish is rapidly expanding due to the increased demand for 
seafood and decline in wild catches. This in turn is due to a growing population and increasingly 
protein rich diets. In 2012 the global aquaculture market was estimated to be US $135b and is 
forecast to grow to US $195b by 2019 (Sheela 2013). Microalgae can contribute towards 
aquaculture feeds as their nutritional composition (depending on species) can consist of protein 
hydrolyzates (product of protein hydrolysis), antioxidants, prebiotics, trace elements and 
phytonutrients (EPA, ARA and DHA) (Gladue and Maxey 1994; Brennan and Owende 2010; 
Meseck et al. 2005). It is estimated that microalgae feed stocks are already worth approximately US 
$700M annually (Pulz and Gross 2004) or more.  
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Health foods: The global health food supplement market is increasing alongside population and an 
increasing culture of health and fitness. In 2012, the global health food market was estimated to be 
US $68b and this is predicted to increase (Linker 2014). Microalgae can contribute towards this 
market as they contain carotenoids (-carotene (market estimated at US $280M y-1), astaxanthin  
(US $150M y
-1
)), protein, lipids (omega 3 and 6) vitamins, putative ‘anti-obesity’ and ‘anti-
diabetic’ (cryptophycin) compounds as well as bioactive compounds such as antioxidants (lycopene 
& lutein), antibiotics (lipopeptides) and toxins (microcystin & nodularin) (Dominguez 2013; 
Metting 1996; Pulz and Gross 2004; Singh et al. 2005; Brennan and Owende 2010).  
 
Fuel production: Global energy consumption can be divided into electricity and fuels which 
account for 20% and 80% of the 6 trillion dollar global industry, respectively (Stephens et al. 2013;  
Freed et al. 2010). Currently almost all renewable energy systems are focused on supplying the 20% 
electricity market (e.g. solar, wind, hydro, and thermal electricity generating systems). In contrast 
microalgae are able to capture and store solar energy and effectively stored as chemical energy 
(fuels) targeting the larger fuel sector of the global energy market. Potential nearer market 
opportunities include oil based fuels and methane with ethanol solar driven hydrogen production 
from water offering alternatives. In 2011, 20 billion tons of fuel (coal, gas, oil) were consumed and 
this is predicted to rise to 24 billion tons in 2020 (World-Energy-Council 2013). Economic studies 
have shown potential for microalgae as an alternative energy source based on high lipid yields 
(theoretically 2-15 times more than palm oil plantations and 6-37 times more than jatropha (Table 
2)) and their ability to be cultivated on non arable land (Francisco et al. 2009) and using saline 
water. However to achieve economic feasibility, microalgae fuels requires the development of high 
efficiency, lower cost systems (Stephens et al. 2010) which in turn can be assisted through the 
selection of the algae strains from a broad base of biodiversity. 
 
Table 2: Biofuel sources and volume produced 
Biofuel source Biodiesel Yield L ha
-1
 year
-1
) 
Soybean 375 
Rapeseed 1,000 
Jatropha 2,000 
Palm oil 5,000 
Algae (20 g m
-2
 d
-1
 at 
20% oil by wt) 
13,140 
Algae (50 g m
-2
 d
-1
 at 
50% oil by wt) 
75,000 
(Lim and Teong 2010) 
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1.2 Importance of biodiversity 
1.2.1 Microalgae collections and breeding stocks 
Microalgae exist in many environments including fresh, saline and contaminated water and span a 
range of temperature zones. This diversity as well as the extreme age of this lineage has led to an 
estimated 350,000 microalgae species (Brodie and Zuccarello 2007), each with differing properties 
(section1.2.2). The biodiversity of microalgae sustains a plethora of life forms, as they are 
components of multiple ‘food webs’ and ecosystem formations (Corliss 2002). More than 11,000 
species are stored in multiple culture collections globally, many of which require constant sub-
culturing to maintain cell viability (Osorio et al. 2004). As new species are discovered and isolated, 
these numbers will continue to rise and their prolonged maintenance on specific selection media is 
likely to degrade their phenotypic diversity over time. 
 
To establish microalgae collections, species are isolated, purified, cultivated and screened for 
nutritional characteristics such as lipid content and quality, high value products, bioactive 
compounds and biomass (Harun et al. 2010). A small selection of screened species (showing 
superior characteristics) are ultimately likely to be used as breeding stocks for further research and 
an even smaller selection will be used for commercial purposes. Microalgae species used in 
commercial scale production include but are not restricted to Chlorella sp. (carbohydrates and 
protein), Spirulina sp. (health foods) and Botryococcus sp. (triterpene oils) (Larkum et al. 2012). 
The number of collected species in culture collections comprises only a fraction of naturally 
occurring microalgae species, and there is therefore significant potential to find superior strains 
(Norton et al. 1996) for each new potential application.  
 
1.2.2 Genomics 
To date only 36,000 species (Guiry 2012) have been identified and far fewer (~14) have undergone 
genome sequencing (Cadoret et al. 2012). These genomes include Chlamydamonas reinhardtii 
(model organism), Chlorella variabilis, Coccomyxa subellipsoidea (biofuel research), Dunaliella 
salina (biofuel and -carotene research) and Ostreococcus tauri. Species identification can be 
difficult at times, for example, Chlorella sp. and Microactinium sp. are morphologically similar, yet 
taxonomically different based on genetics (Sharma and Rai 2011). It is believed that the evolution 
of morphological traits and genomes may have been affected by how microalgae were dispersed, 
either ubiquitously or in specific environmental niches. Ubiquitous dispersal places limited pressure 
on environmental adaptation and typically results in lower species diversity. In contrast, 
environmental specificity (i.e. hyper saline, temperature fluctuation and food availability) involves 
natural selectivity pressures, mutation, genetic drift and horizontal gene transfer leading to larger 
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selection of diverse species (Fig. 2) (Sharma and Rai 2011). Regardless, genomic studies have 
provided insight into microalgae tolerance towards environmental characteristics such as diverse 
temperatures, salinity and osmotic environments.  
 
 
Fig 2. Microalgae evolutionary pathways. 
Microalgae evolved either through ubiquitous dispersal which allowed the mixing of random gene pools leading to low 
genetic diversity or through natural selection allowing for well adapted species showing distinct geno- and phenotypic 
features. Figure taken from Sharma and Rai (2011). 
 
1.2.3 Molecular biology 
Molecular biology techniques have been used for genotyping, as well as the identification and 
modification of specific genes and pathways for basic and applied research purposes. Microalgae 
research has included cellular machinery (i.e. Photosystems I and II (Mussgnug et al. 2005; Misumi 
et al. 2008)), metabolic flux responses and protein function (NAB1 protein function (Beckmann et 
al. 2009)). By characterising the basic elements of the cellular machinery, it is possible to further 
enhance existing functions. For example, Chlamydomonas reinhardtii has been genetically 
modified to incorporate a glucose transporter (stm6glc4) resulting in increased starch accumulation. 
Indirectly, this resulted in increased hydrogen production (Nguyen et al. 2008). Under nitrogen 
deficient conditions, C. reinhardtii overproduces lipid bodies and starch. A C. reinhardtii (sta6) 
mutant showed limited glucose pyrophosphorylase activity leading to minimised glucose and starch 
accumulation (Zabawinski et al. 2001). This was later found to enhance lipid production by nitrogen 
deprivation which led to a 30-fold increase in lipid bodies (Wang et al. 2009).  
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Another example involved the random mutagenesis of Chlorella sorokiniana to increase lucein 
production, a commercially valuable carotenoid. Mutants were created by subjecting C. sorokiniana 
to a mutagen (N-methyl-N’-nitro-nitrosoguanidine) and then selected based on their resistance to 
norflurazon or nicotine. One of the resultant C. sorokiniana mutant (MR-16) exhibited a 2-fold 
increase in lucein production at 42mg L
-1
 (Cordero et al. 2011). These examples of molecular 
engineering illustrate the potential for the development of new strains for the production of a wide 
range of biological products in addition to those obtained through natural collections. As microalgae 
research progresses, culture collections and modified strains will therefore increase resulting in 
increased workload in terms of subculturing and storage and consequently new preservation 
methods would offer significant benefits.  
 
1.2.4 Aquatic species program 
The Aquatic Species Program is one of the best and largest studies focused on the collection and 
storage microalgae biodiversity for industry applications. It was conducted by the US Department 
of Energy from 1978-1996 and was created to screen microalgae species for biomass and lipid 
production for industry purposes. During the course of the program, over 3,000 microalgae species 
were collected and these provided a basis for breeding programs and genetic engineering (Sheehan 
et al. 1998). The loss of these strains is a classic case study of the problems encountered during 
strain collection and storage, later discussed in section 1.2.6.  
 
1.2.5 Culture maintenance: plates/stabs/liquid 
Typically, microalgae are subcultured onto nutritionally replete agar plates, stabs or liquid media 
such as Tris-Acetate-Phosphate medium (Gorman and Levine 1965). Depending on the species, 
nutritional additives may be added such as various carbon sources, trace elements or silica (for 
diatoms) (Armbrust et al. 2004; Mata et al. 2009). These subculturing methods are simple and 
quick, and enable prolonged culture maintenance. The cultures are typically grown under normal or 
specialised laboratory growth conditions to enable extended viability. Although simple, fast and 
effective in the short term, subculturing leads to problems for long term maintenance. 
 
1.2.6 Drawbacks 
When dealing with larger number of the algae strains, subculturing is labour intensive and costly. In 
addition, pheno- or genotypic change or loss (naturally lost through lack of selection pressure), 
strain adaptation and human error can occur during prolonged subculture and ultimately result in 
culture loss (Day et al. 2007; Rhodes et al., 2006). The Aquatic Species Program is a prime example 
of culture and phenotypic loss as there was a logistical challenge of subculturing over 3,000 
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microalgae species. By the end of the program, only 300 viable species remained (Sheehan et al. 
1998). Methods for stable long-term and low cost algal preservation are therefore of great 
importance and provide the basis for any successful breeding program, especially as culture 
collections grow.  
 
1.2.7 Freeze drying: a unique method to maintain culture viability 
A range of alternative preservation techniques have been tested. Freeze drying, for example, has 
been reported to preserve both bacteria and cyanobacteria (Day 2004). This process is based on the 
concept that dehydration of samples (1 - 3% intracellular water content) will minimize molecular 
motion and thus biochemical activity, providing improved protein and cellular stability (Schneid et 
al. 2011). Freeze drying has the advantage that it is inexpensive, requires little skill (relies mainly 
on equipment and inbuilt programs) and enables stable sample transportation. Although it has been 
used successfully with some cyanobacterial species, low viabilities were reported for eukaryote 
microalgae and storage viability has been reported to be as short as one year (Day et al. 1997). For 
long term storage to underpin a successful breeding program, a method with an indefinite storage 
length is required. 
 
1.3 Cryopreservation 
Cryopreservation of algae cells has proved more successful, and a range of methods have already 
been reported (sections 1.3.3 - 1.3.8). The process of cryopreservation suspends cellular metabolism 
and at least in theory allows hydrated cells to be stored indefinitely at low temperatures (Day 2004). 
Consequently cryopreservation is widely used for mammalian cell culture and is a mainstay of 
animal cell tissue preservation (Porcu and Venturoli 2006; Jain and Paulson 2006).  
 
1.3.1 Advantages 
The main concern with cryopreservation itself is intracellular ice crystal formation, which can be 
damaging to cells (Brand and Diller 2004). Various cryopreservation methods have been developed 
to address this and these include one-step, two-step, vitrification and encapsulation-dehydration 
techniques (Taylor and Fletcher 1998; Harding et al. 2008). Each technique has the potential to be 
improved in terms of cryoprotectants (type and concentration) or other variables such as the cooling 
rate, culture media composition and the addition of specific carbon sources to optimise the process 
for different types of microalgae species (Taylor and Fletcher 1998). Cryopreservation can therefore 
potentially be applied to a broad range of microalgae species offering the advantage over traditional 
subculturing methods of long term storage in a high throughput and repeatable manner. Not only is 
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this advantageous when dealing with large quantities of microalgae species, but also in terms of 
minimising storage space, genetic drift, culture loss, growth media costs, time and labor. 
 
It is thought that at liquid nitrogen temperatures (approximately -196 
o
C), biochemical activity of 
cells are minimised (Day 2004), thereby theoretically enabling indefinite storage, assuming that 
cells have not been significantly damaged in the process. This has already been demonstrated by 
Day et al. (1997) who showed that Chlorella protothecoides can be cryopreserved and successfully 
revived after 22 years. Furthermore the study showed minimal losses in terms of cell viability 
(0.8%) and it was suggested that genetic change was prevented due to the stability of cell viability 
over the 22 year period. Another study by Nakanishi et al. (2012) showed 4 cryopreserved species 
(Chlorella vulgaris C-27 and M-207A7, Nannochloropsis oculata ST-4 and Tetraselmis tetrahele 
T-501) thawed at yearly intervals for 15 years with stable cell viability between 45 – 55%. 
Observations showed no signs of chlorophyll degradation indicating minimised damage and cellular 
function during cryopreservation. 
 
1.4 Underlying mechanisms of cell death 
To understand how the process of cryopreservation works and how cells survive in such conditions, 
it is necessary to understand how and why cells are damaged. This can be approached at two levels, 
the first being to determine how cells are damaged during cryopreservation itself and the second 
being how cells recover from damage incurred during and after thawing (Fig. 3). The process of 
cryopreservation involves sample storage at -196
o
C, which can result in physical injury during 
freezing (ice crystals) which could lead to necrosis (Li et al. 2010). In contrast, death during 
thawing and recovery can involve necrosis (from ice crystal reformation), physical cell destruction 
and delayed programmed cell death (PCD) from biochemical processes induced by freezing injury 
(Durand et al. 2011). This thesis will therefore consistently refer to two modes of cell death, 
necrosis (from physical trauma) and programmed cell death after cryopreservation. 
 
Fig 3. Modes of cell death during and after 
cryopreservation. 
During cryopreservation, cells are exposed to 
extreme temperatures, potentially toxic 
cryoprotectants and ice crystals, and thus physical 
injuries leading to necrosis are more common. Cell 
death after thawing can either result in ice crystal 
reformation or irreversible biochemical damage, 
leading to programmed cell death (PCD).  
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1.4.1 Necrotic death vs. Programmed cell death 
Cell death caused by harmful conditions such as toxins, temperature fluctuations, metabolic 
poisons, chemicals or physical trauma can lead to necrosis. Necrotic death is distinct from PCD 
from both morphological and biochemical perspectives and typically exhibits karyolysis (nuclear 
fading from DNA/RNAases), pyknosis (nuclear condensation) and karyorhexis (nuclear 
fragmentation) in eurkaryotes (Kroemer et al. 2009). Organisms of different taxonomic domains 
display similar characteristics, including swelling of the cytoplasm and organelles, rupture of 
plasma membranes, uncoupling of mitochondria, reactive oxygen species (ROS) generation, 
cellular blebbing (irregular bulge in plasma membrane) and non-caspase protease activation 
(Kroemer et al. 2009; Schwartzman and Cidlowski 1993). 
In contrast, programmed cell death (PCD) is typified by PCD-signal transduction pathways which 
alter biochemical mechanisms and cell morphology in an orderly fashion resulting in a ‘neat’ death 
(Ameisen 2002). Endogenous enzymes play an active part in the early stages of PCD, well before 
membranes lose their integrity. Also, external membranes maintain rigidity to maintain cellular 
contents presenting any spillage of cytosolic constituents. Hallmark characteristics of PCD include 
cell shrinkage, caspase activation, nuclear and DNA fragmentation, chromatin condensation and 
ROS production in organelles such as the mitochondria (Hengartner 2000). 
 
1.5 Types of cryopreservation 
1.5.1 Rapid 
Cell samples are routinely flash frozen in liquid nitrogen for storage. This process often results in 
ice crystal formation and a loss of cell viability as the freezing process is not fast enough (within 
seconds depending on sample size) (Nowshari and Brem 2001). In terms of rapid freezing, three 
factors are critical to minimise ice crystal formation. The first is the rate of freezing; the more rapid 
the freezing rate is, the less time the ice crystals have to grow. The second is the pressure to which 
the sample is exposed. The use of high pressure reduces ice crystal formation and assists in the 
formation of vitreous ice. The third is sample thickness. The thinner the sample the more rapid heat 
transfer is and the faster the sample is frozen (Vajta and Kuwayama 2006; Katkov et al. 2006; 
Kuwayama 2007). Refer to section 1.5.6. 
 
1.5.2 One-step  
One-step freezing (interchangeable with rapid freezing) typically involves the cell samples being 
directly plunged into a freezing agent such as liquid nitrogen (-196
 o
C) or liquid ethane (which has a 
higher heat capacity and therefore induces more rapid freezing). Both are extensively used for 
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cryopreservation particularly for high resolution electron microscopy (Studer et al. 2008). One-step 
freezing is straightforward and aims to minimise ice formation only by inducing a rapid temperature 
drop. However the existing literature suggests that success rates are still not as high as alternative 
approaches such as the two-step freezing approach (described below). The low level of success is 
likely related to the rate of freezing which is dependent on sample thickness, with thin samples 
exhibiting lower levels of ice crystal formation (Day 2004).  
 
1.5.3 Two-step 
To overcome the problems associated with rapid freezing, two-step freezing processes have been 
developed (Taylor and Fletcher 1998). In the first phase of this process, the temperature is lowered 
at a controlled rate (e.g. 0.3, 0.5, 1 or 5
o 
C min
-1
) in the presence or absence of a dehydrating agent 
such as sucrose (1-68% v/v) until the desired temperature is attained i.e. between -20 to -80
o
C 
(Hubalek 2003). The rationale of this approach is that the cells are dehydrated substantially through 
the additional of sucrose and are simultaneously acclimatised (induced stress related genes, 
increased cryoprotective osmolytes and proteins and antioxidative mechanisms) (Valledor et al. 
2013) to low temperatures before the freezing point of water is reached (Harding et al. 2004; Porcu 
and Venturoli 2006). Once the desired temperature is attained, the sample is typically plunged 
directly into liquid nitrogen or into its vapour phase (Taylor and Fletcher 1998). It has been reported 
that cryoprotecting agents contribute to higher cell viability when used in most cryopreservation 
protocols especially the two-step protocol (Hubalek 2003). However even without cryoprotectants 
the two-step freezing process has to date yielded higher cell viabilities than rapid or one-step 
freezing (Fleck et al. 2006). A study by Benamotz and Gilboa (1980) showed an increase in 
viability of over 10-fold when using the two-step approach in contrast to the rapid one-step 
approach. 
 
1.5.4 Encapsulation-dehydration 
In this process cells are encapsulated in calcium alginate. Cell encapsulation is achieved by mixing 
cell samples with alginate and dropping the cell suspension into calcium chloride, which induces 
alginate polymerisation. The encapsulated cells are then dehydrated in a sucrose solution (0.5M) for 
24 hours followed by an optional further 24 hours in a more concentrated sucrose (0.75 M) solution 
(Hirata et al. 1996; Harding et al. 2008). The samples are further dehydrated by exposing them to a 
sterile air flow for 3-8 hours and then transferring them into liquid nitrogen for cryopreservation 
(Day et al. 2000; Harding et al. 2008). The advantage of this method is the reduced use of toxic 
cryoprotectants such as MeOH and DMSO, allowing direct cultivation of cells after thawing. The 
downsides are the extended times required to dehydrate the cells, which can be more than 48 hours 
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prior to starting the cryopreservation procedure. Furthermore, this technique has been associated 
with mixed levels of recovery (both low and high viability reported) and is not widely used for long 
term storage (Day 2004).  
 
1.5.5 Vitrification 
Vitrification is not a cryopreservation method per se but the process of suspending samples in an 
amorphous ‘glass phase’ of ice that is free of crystalline ice (Kagawa et al. 2006; Jain and Paulson 
2006). In theory, vitrification can be achieved by the above methods of cryopreservation (section 
1.5.1) either through the use of high pressures which increases the rate of freezing, increasing the 
surface area of the sample to increase the rate of freezing or increasing the concentration of 
cryoprotectants (Kagawa et al. 2006). High pressure freezing systems used for the preparation of 
cells for high resolution cryo electron microscopy are designed for this purpose. 
 
1.5.6 High pressure freezing: a novel technique 
High pressure freezing (HPF) systems are designed to freeze samples very rapidly (within 
milliseconds) at high pressures (1 - 210 MPa (Microsystems 2005; Studer et al. 2008). The 
extremely rapid temperature reduction in conjunction with a concomitant increase in pressure 
effectively prevents ice crystal nucleation and so results in the formation of an amorphous glass. 
This method typically requires little or no cryoprotectant, theoretically reducing toxic 
cryoprotectant effects and could reduce the time required to optimise conditions for any given cell 
type. Although HPF has been used for electron microscopy and high resolution imaging, it has not 
been reported to have been trialed on living samples for cryopreservation purposes. High pressure 
freezing is later discussed in chapter 3 where factors affecting successful cryopreservation are 
tested. 
 
1.5.7 Others: A mix & match 
Combinations of the earlier stated methods or parts of have been suggested and used with mixed 
results. Examples include encapsulation- one-step/ two-step cryopreservation and dehydration- two-
step (Taylor and Fletcher 1998). Many combinations of cryopreservation methods have been 
described but until a comparison of these methods are conducted, it will not be known how 
beneficial these methods are compared to successful existing methods e.g. Two-step 
cryopreservation. 
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1.6 Cryoprotectants 
Cryoprotectants are compounds used to protect cells against freeze damage, whether they are 
cryopreserved under liquid nitrogen (-196
o
C) or at normal freezing temperatures  
(-20
 o 
C to -80
o 
C). The diverse types of cryoprotectants range in their ability to protect against 
freeze damage; some demonstrate positive cryoprotective effects in certain species whilst others 
have no effect (Hubalek 2003). Cryoprotectants can be segregated into two groups which are 
thought to have two distinct modes of action, permeable and impermeable cryoprotectants. 
 
1.6.1 Impermeable cryoprotectants 
Impermeable cryoprotectants are thought to be unable to freely cross cell membranes due to their 
size, charge or both (Cooper et al. 2008). Most reported impermeable cryoprotectants are 
carbohydrates, which are proposed to particularly dehydrate cells, thereby minimising intracellular 
ice crystal formation and improve storage properties in liquid nitrogen storage. The most common 
impermeable cryoprotectants and their proposed modes of action are discussed below.  
 
Glycerol is often used for bacterial cryopreservation, but when used for algae it has been found to 
be ineffective in many instances (Hubalek 2003), possibly because it can permeate the cell 
membrane in bacteria but not in algae (either freely or via transporters) and has been shown to be 
toxic to several algae species (Crutchfield et al. 1999; Morris 1976). Therefore other 
cryoprotectants such as sucrose are used when dealing with algae (Taylor and Fletcher 1998). 
Sucrose reportedly works extracellularly by competing for water molecules, in turn dehydrating the 
cell. By the time the cell samples are frozen, intracellular water volume is reduced, with the aim of 
reducing ice crystal formation (Jain and Paulson 2006). When used in combination with 
intracellular cryoprotectants, increased success in cryopreservation can be achieved (chapter 2).  
 
1.6.2 Permeable cryoprotectants 
Permeable cryoprotectants are able to freely permeate cell membranes to provide protection against 
freeze damage. Their mode of action is believed to be different to their impermeable counterparts 
(e.g. sucrose and glycerol). Typical permeable cryoprotectants include dimethyl sulfoxide (DMSO) 
and methanol (MeOH) for microalgae, while propylene glycol has been frequently used for 
mammalian cells (Hubalek 2003). These cryoprotectants are able to freely permeate the cell 
membrane and provide protection against freeze damage in two ways (Jain and Paulson 2006).  
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First, it is believed that DMSO and methanol provide protection by forming hydrogen bonds with 
water molecules, thereby interfering with regular ice crystal formation and reducing, though not 
eliminating, this process (Ashwoodsmith 1986; Jain and Paulson 2006; Hubalek 2003). Second, 
permeable cryoprotectants protect cells from within against solution effects such as increased 
electrolytes (after water is frozen). The cryoprotectants within the cell act to dilute remaining 
solutes inside cells and vice versa, the solutes dilute the cryoprotectants thus limiting toxicity due to 
each (Lovelock and Polge 1954; Jain and Paulson 2006).  
 
Methanol has been widely successful in microalgae cryopreservation. It does however have 
drawbacks for example in that it causes algae cells to become more light sensitive (Crutchfield et al. 
1999). Consequently cryopreservation protocols involving methanol require careful optimisation for 
success. Later studies suggest DMSO to a better cryoprotectant due its reduced toxicity and low 
light sensitisation effects. DMSO has been shown to be successful not only in microalgae 
cryobiology but also for mammalian cell lines such as embryos, sperm, ovum and oocytes (Porcu 
and Venturoli 2006; Jain and Paulson 2006).  
 
1.6.3 Secondary cryoprotectants 
Secondary cryoprotectants (typically impermeable cryoprotectants) are generally used to further 
assist in the cryopreservation of cell samples although they are not required for every protocol. 
Experiments have been conducted using secondary cryoprotectants alone and results showed 
limited success (chapter 2). Observations during this work have shown that secondary 
cryoprotectants may display limited cryoprotective abilities but rather serve as a carbon and energy 
source for post thaw recovery purposes (Bui et al. 2013).  
 
1.7 Recovery methods 
Aspects of cryopreservation typically overlooked are the thawing and recovery processes, which 
have recently shown to be imperative to cell viability (Bui et al. 2013). Cell samples that have been 
successfully frozen may not survive the thawing and recovery process due to ice crystal 
reformation, significant cell volume fluctuation, nutritional requirements or other environmental 
influences including light levels. Therefore further research into recovery methods (which range 
from thawing to nutritional requirements) is imperative (Harding et al. 2004).  
 
Microalgae culture collections play a big role in isolating and storing thousands of microalgae 
species. These collections generally host a vast amount of species specific storage methods and 
state of the art equipment to cryopreserve collected microalgae species. However, the recovery 
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methods are often only brief, illustrating simple thawing processes and growth conditions which 
lack sufficient detail for independent replication (Canavate and Lubian 1997). 
 
1.7.1 Variables influencing post thaw growth 
During the thawing and recovery phase after cryopreservation, several variables can influence the 
viability of a sample. These include thawing speeds, shear forces (pressures from pipetting, 
centrifugation), growth media batches, environmental temperatures and light intensities. Ice 
reformation usually occurs when the frozen samples are thawed (reaching the glass/ice transition 
point of -135 
o
C (Capaccioli and Ngai 2011)) and a faster thawing profile can reduce the time 
samples are subjected to these temperatures. Rapid thawing in water baths of 35 
o
C is typically 
reported to minimise reformation of ice crystals (Day 2004). Furthermore, rapid thawing decreases 
the overall time cells are in contact to potentially toxic cryoprotectants (at high intracellular 
concentrations) (Harding et al. 2004).  
 
Shear forces can disrupt cell membranes or organelles leading to potential cell death. These forces 
can be attributed to pipetting (in quick succession), the pressures from the pipette tip or 
centrifugation. Growth media batches and growth temperatures can also affect the rate of culture 
recovery from freeze injury and their replication. An important variable typically only briefly 
mentioned in research papers is light intensity (Bodas et al. 1995; Day 2004). During normal culture 
development, microalgae cultures are typically grown under high light intensities. However, after 
cryopreservation, cryo injury may make cells more susceptible to physical and biochemical 
disturbances including light. It is therefore important to know the relationship between light level 
and sample viability (later discussed in chapter 2).  
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1.8 Principles of cryopreservation 
Water structure and its phase properties play a critical role in cryopreservation. In the broader sense, 
cryopreservation can be seen as the collective relationship between water (and its properties) 
towards foreign particles (e.g. ions, proteins and cell membranes). The properties of the introduced 
particles ultimately modify the characteristics of water and indirectly how the water molecules 
interact with the introduced particles. It is therefore important to understand the characteristics and 
interactions between these molecules as both individual and collective groups.  
 
1.8.1 Water molecule 
The water molecule consists of one oxygen and two hydrogen atoms. These atoms are connected by 
covalent bonds (0.958 Å in length) using a molecular diameter of 2.75 Å. Due to the oxidising 
nature of oxygen electrons forming the OH bonds, electrons are more closely located towards the 
oxygen atom making hydrogen δ positive and oxygen δ negative. The bonding hydrogen atoms 
arrange in such a way to minimise the propulsion between them, resulting in an average bond angle 
of 104.45
o
 (Fig 4).  
 
 
Fig 4. Distance and angles between hydrogen and oxygen atoms of a water molecule.  
The distance and angle of a single water molecule (left) and distances and angles of a water dimer (right). Figures taken 
from Chaplin (2013) 
 
1.8.2 Hydrogen bond and interactions 
The ‘V’ shape of water molecules and their dipole enables water molecules to form molecular 
networks via ‘hydrogen bonds’. The two free electrons (from the oxygen) can form hydrogen bonds 
with two other water molecules and the two hydrogen atoms can accept two electrons allowing any 
one water molecule to form up to four molecular bonds. Typically in the atmosphere, 1 out of 1000 
free water molecules will form a dimer (Chaplin 2013).  
The most energetically favourable dimer model is regarded to be 2.037 Å between two water 
molecules (H-OH
….
OH2) (Chaplin 2013). In a water dimer, individual molecule angles between 
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105.9 – 106.3o and the distance between the hydrogen-oxygen atoms in the same molecule ranges 
between 0.942 – 0.948 Å (Fig 4). When the oxygen atom bonds with two water molecules (H-
HO
….
2HO-H), the angle increases to 109.47
 o
 (Tsiper 2005). Hydrogen bonds do not hold steady 
(unlike ionic bonds), but rather form and break approximately every 1 x 10
-15
 seconds (Smith et al. 
2005) due to the strength of hydrogen bonds in contrast to bonds such as covalent bonds (refer to 
section 1.10).  
 
1.8.3 Ice structure 
When frozen at atmospheric pressure, water undergoes hexagonal packing (seen for example in 
snowflakes). These structures are less dense than liquid water (0.91 vs. 0.99 g/cm
3
 at 0 
o
C) due to 
the ordered packing of structures leaving large ice ‘pockets’, large enough for another water 
molecule to fit inside. The hexagonal crystal is not perfect due to the disordered orientations of the 
hydrogen atoms (Vega et al. 2011) and each molecule within the crystal angles at approximately 
109.5
o
 (Chaplin 2013) and forms ‘sheets’ that overlay each other outlining a hexagonal prism 
appearance (Fig 5).  
 
Fig 5. Phase diagram of water and structure of hexagonal ice. 
(Right) At various temperatures and pressures, 16 different variations of crystalline ice can be obtained including 
hexagonal ice (Ih), cubic ice (Ic), ice 2-15 (III-XV). Only Ih is achieved under normal atmospheric pressure and structures 
become hexagonal sheets (left). Figure taken from Chaplin (2013). 
 
Depending on the pressures involved, water molecules can form other structures when frozen. The 
water phase diagram consists of 16 different forms of crystalline ice and several triple and critical 
points which are controlled by pressure and temperature (fig 5). Of these variations, 4 of 16 are less 
 30 
dense than water, Ih, Ic, Ia and IXI (Cogoni et al. 2011). Ice structures including cubic, 
rhombohedral, tetragonal, orthorhombic, pseudo-orthorhombic and monoclinic shapes are 
summarised in table 3 below. A unique form of water structure is the amorphous ice which has a 
non-crystalline glass like structure. This form is only obtained with very rapid freezing rates and is 
used to prevent ice crystal nucleation. Three types of amorphous ice exist, low, high and very high 
density, depending on the pressures involved (Table 3) (Loerting et al. 2011). 
 
Table 3: The different types of ice crystals with varying shapes 
Ice polymorph Density (g/cm
3
) Crystal 
Hexagonal ice, Ih 0.92 Hexagonal 
Cubic ice, Ic 0.93 Cubic 
Low density amorphous ice, Ia 0.925 Non-crystalline 
High density amorphous ice 1.17 Non-crystalline 
Very high density amorphous ice 1.25 Non-crystalline 
Ice-two, III 1.17 Rhombohedral 
Ice-three, IIII 1.14 Tetragonal 
Ice-four, IIV 1.27 Rhombodehdral 
Ice-five, IV 1.23 Monoclinic 
Ice-six, IVI 1.31 Tetragonal 
Ice-seven, IVII 1.5 Cubic 
Ice-eight, IVIII 1.46 Tetragonal 
Ice-nine, IIX 1.16 Tetragonal 
Ice-ten, IX 2.51 Cubic 
Ice-eleven, IXI 0.92 Orthorhombic 
Ice-twelve, IXII 1.29 Tetragonal 
Ice-thirteen, IXIII 1.23 Monoclinic 
Ice-fourteen, IXIV 1.29 Orthorhombic 
Ice-fifteen, IXV 1.30 Pseudo-Orthorhombic 
Adapted from Chaplin (2013) 
 
1.8.4 Bulk water and hydration shells of proteins and membranes 
In bulk water, no net external forces (electronegative or hydro-phobic/philic from proteins or 
membranes) are subjected towards the water molecules. As a result, specialised water clusters are 
formed, a water dimer being the simplest (Ruscic 2013). Vast efforts have been made to determine 
the types of clusters existing in liquid water. Due to the constant breaking and reorganisation of 
hydrogen bonds, it is impossible to determine the exact type of cluster existing at any period of time 
(Perera 2011). However, one can predict the combinations of existing water clusters at any given 
time. Models exist showing that cyclic- pentamers, bicyclo octamers and tricycle decamers 
comprise the majority of bulk clusters in liquid water due to their relative stability, particularly the 
bicycle octamer clusters (Ludwig 2001; Chaplin 2013). These clusters can further interact with 
themselves to combine into large icosahedral clusters made up of 280 water molecules (Fig 6).  
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Fig 6. Representation of a 280 icosahedral water cluster. 
Image was derived from Chaplin (2013).  
 
When proteins are introduced, they interact with water molecules and indirectly with the water-
water bond network via intermolecular forces such as polar, electronegative and dipole-dipole 
interactions (Parsegian 2002; Raschke 2006). These interactions alter the characteristics of water 
clusters at the protein and membrane surfaces, resulting in a hydration shell (the cluster of water 
surrounding an ion due to its charge) around the protein. Inversely, the characteristics of water are 
essential for protein stability, folding and functional activity (see section 1.9.1 and 1.10.7).  
 
The protein charge can influence hydration shell thickness which can range between 1 - 2 nm when 
shared between 2 proteins (Ebbinghaus et al. 2007). Here, clustering of water tri- and pentamers are 
most common whilst tetra-, hexa- and hepta- mers are the least common. This hydration shell 
allows proteins conformational flexibility, and aids in their interactions with other proteins, DNA 
and ligands (section 1.9). This characteristic is also similar with water-membrane interactions. 
However, due to the membrane acting as a barrier, a means of water transport is required for water 
interactions on both sides.  
 
1.8.5 Influx/Efflux 
Intracellular water is regulated by water channels (e.g. aquaporins), osmotic pressure and 
complementary exchange of ion pairs. One of the well known ion pairs is sodium and potassium 
which are regulated by the Na
+
/K
+
 -ATPase pump believed to be responsible for up to 2/3 of 
cellular energy expenditure (Fig 7) (Attwell and Laughlin 2001). The pump regulates several 
cellular functions such as cellular volume and resting potentials, transportation and signal 
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transduction. Potassium is highly favored intracellularly as it promotes water-water and water-
protein interactions as well as hydrogen bonding (increased protein stability). In contrast, sodium 
reportedly promotes water-ion bonding (favours protein destabilization- see section 1.10.7). Failure 
in the Na
+
/K
+
 pump regulation leads to a disruption of normal ion concentrations which results in 
cellular swelling via osmosis and aquaporins (Plesnila et al. 2000). Aquaporins are water selective 
cell membrane pores which allow the mass transport of water. This can be both helpful or 
detrimental to cell health depending on the situation, ie. Na
+
/K
+
 ATPase failure will result in a large 
intake of water (Boutilier 2001). 
 
 
Fig 7. Water regulation in mammalian cells. 
Water regulation involves the use of NA/K ATPase, aquaporins and other ion channels as an indirect result of other 
functions such as shaping action and resting potential, creating electrical signals and ion flow. Figure adapted from 
Remillard and Yuan (2004). 
 
1.9 Effect of water on protein structure and the hydrophobic effect 
1.9.1 Protein stabilisation 
Hydrophobicity and hydrogen bonding are imperative to stabilise protein structures and help correct 
native protein folding in conjunction with hydrogen bonding (Pace et al. 1996). This is observed in 
water soluble and membrane proteins which contain hydrophobic, charged and polar amino acids 
(Pace et al. 1996). The hydrophobic amino acids are buried in the molecule away from exposure to 
water and hence provides the protein with the hydrophobic core. Hydrogen bonds and Van der 
Waals forces are shared between water molecules and the charged/polar amino acids (Baldwin 
2005). Intra-molecular forces (hydrogen bonds and Van der Waals forces) in conjunction with 
intermolecular forces and hydrophobicity help keep proteins correctly folded, maintaining their 
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function, stability and solubility. These forces can be observed when a protein solution is heated. 
Heating results in protein disruption of secondary structure and tertiary denaturation due to the 
breakage of hydrogen bonds (Friedman 1977).  
 
 1.10 Proteins and membranes and membrane proteins 
1.10.1 Hydrogen bonding 
Hydrogen bonding occurs when hydrogen atoms are attracted to highly electronegative atoms (e.g. 
oxygen, fluorine and nitrogen). These bonds are responsible for interactions between other water 
and polar molecules. The charge density and electron delocalisation found in hydrogen bonds 
cannot be found in other molecules and is the reason for life giving processes ranging from simple 
water clustering (section 1.6.1) to the facilitation of functional cellular metabolism (Henry 2005). 
When in contact with non-polar molecules, water has a tendency to exclude them by forming 
hydrogen bonds with neighbouring water molecules causing the aggregation of non-polar molecules 
(hydrophobic effect) (McNaught 1996). Small hydrophobic molecules can interact with water 
molecules via many Van der Waals forces (Mikheev et al. 2007). The term ‘hydrophobic’ (hydro- 
water; phobic- fear) gives the impression that hydrophobic molecules ‘fear’ water molecules and 
aggregate together. This is not the case as it is actually the surrounding water molecules changing 
their interaction with each other, which results in hydrophobic molecules clustering together (Fig 
8). This hydrophobic effect is essential for proper protein folding and function. 
 
Fig 8. Lipid bilayer.  
Formed due to their hydrophobic tails. 
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1.10.2 Covalent and Ionic bonding 
Molecules are held together by covalent and ionic bonds, both of which are stronger than hydrogen 
and polar bonds (Pauling 1988). Ionic bonds are electrostatic interactions of opposite charged ions 
which involve entire free electron displacement towards the opposite ion ie. Na
+
 + Cl
-
  NaCl. In 
theory, due to complete electron displacement, ionic bound molecules are non polar and thus do not 
produce electrostatic charges. It is important to acknowledge that most if not all pure electron 
displacement does not exist in nature, rather molecules share varying degrees of covalent bonding 
hence there are partial charges even on ‘ionic’ bonded molecules (Langmuir 1919).  
 
Covalent bonds share electrons between atoms within the same molecule i.e. H2O. These bonds are 
stronger than ionic bonds and are typically polar (when bonded by two atoms of different 
electronegativity e.g. H and O). Covalent bonds include various types of bonding such as Sigma 
(head on overlapping of atomic orbitals), Pi (partial overlapping of orbital lobes), metal-metal 
(sharing of electrons with positively charged ions), agnostic (interaction of an unsaturated transition 
metal with a CH bond) and three-centre-two bonding (sharing of two electrons by three atoms) 
(Mann 1986; Miesseler and Tarr 2004). Due to electron sharing, up to 6 electrons can be shared 
creating a triple bond which is stronger than single and double bonds but more vulnerable to 
electron capture by other electronegative atoms (Pauling 1988). 
 
This characteristic is essential for proper protein folding, function and other higher complexity 
structures and functions (e.g. membrane formation and whole cellular-organism function) (Mikheev 
et al. 2007). At the hydrophobic surface, water can form layers up to 35 nm (compared to 2-5 nm 
with charged or polar surfaces), due to missing hydrogen bonds at the hydrophobic surfaces 
(Tarasevich 2011; Chaplin 2013). Water molecules compensate for this by joining together a 
pentagonal-like network of water molecules (rather than a tetrahedral like structure) which 
decreases the density of water (Rezus and Bakker 2007). 
 
1.10.3 Solvation layer 
When other ions are introduced, water is attracted to them especially when they are highly charged 
(eg. F
-
, Cl
-
, Na
+
), in turn increasing the density of water (Yang and Li 2005; Chaplin 2013). The 
ions can be considered as being solvated (the attraction of water molecules towards a solute). 
Solvation and solubility are generally interchanged, however there are distinctions. Solubility 
qualifies the equilibrium achieved when the rate of precipitation and dissolution is equal. Solvation 
on the other hand is described as the interaction of a solute ‘complex’ by a solvent in solution (Gold 
1987) and is an energy requiring process. The energy is typically obtained from the ions which have 
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dissolved apart. For example, the dissolution of calcium chloride (CaCl2  Ca
2+
 + 2Cl
-
) releases 
‘free energy of solvation’. This can also be applied to insoluble and hydrophobic molecules, 
although it is unfavourable in terms of free energy. 
 
   
Fig 9. Solvent shells of water molecules. 
The figure depicts examples of the various complexes that water can achieve when it solvates an ion in solution. Water 
structure surrounding a single CO2 (Left), Na
+
 (Middle), Cl
- (Right) molecule. Figure taken from (Chaplin (2013) and 
Burnham et al. (2006). 
 
The shape of the ‘solvation shell’ can vary depending on the ion properties (Fig 9). Regardless, the 
solvation shell will remain intact due to the strong ionic charge of the solute which reduces the 
exchange of hydrogen bonding between water molecules. As a result, hydrogen bond interactions 
between water molecules are typically stronger (resulting in closer distances of water molecules) 
and have longer lifetimes in contrast to bulk water.  
 
1.10.4 Debye Hückel theory 
The thermodynamic property of an ideal solution is governed by Raoult’s law which states “The 
partial vapour pressure of a component in a mixture is equal to the vapour pressure of the pure 
component at that temperature multiplied by its mole fraction in the mixture”. In other words, two 
different molecules (with similar vapour pressures) in a solution will overall have a similar vapour 
pressure to the individual molecule (Clark 2005). The Debye-Hückel theory refines this for a non-
ideal electrolyte solution (molecules with dissimilar vapour pressures). Ionic solutions are governed 
by coulombic potential allowing electrostatic interactions between solute-solute and solute-solvent 
molecules where as neutral ions/compounds are governed by weak Van der Waals interactions 
(Clark 2005). As a result, the repulsion/attraction between two ions defies Raoult’s law as the ions 
are now not randomly distributed within solution. The Debye-Hückel theory provided theoretical 
explanations to account for deviations from non ideal solutions and introduced an activity 
coefficient. 
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Fig 10. Debye-Hückel linearised equation. 
Δϕ is the total charge density, rD is the Debye-Hückel radius and δ(r) is the local variation of charge density. 
 
The theory determines the equilibrium potential and charge distribution around a single ion, which 
can be acquired by the Debye-Hückel linearised equation (Fig 10). This theory assumes that: 
 
1. The concentration of electrolytes is low (<0.1M) 
2. The electrolytes completely dissociate in solution  
3. Each ion is surrounded by ions of the opposite charge. 
 
1.10.5 Hofmeister series 
The Hofmeister (Lyotropic) series is a classification of ions in the order of their ability to precipitate 
proteins (Fig 11). It was named after Franz Hofmeister in the late 1800s who initially determined a 
series of salts in the order of effectiveness to precipitate egg albumin proteins (Nucci and 
Vanderkooi 2008). The effect can be observed in real biological systems, medicine, drug design (Lo 
Nostro and Ninham 2012) and experimental techniques such as protein purification; ammonium 
sulfate is typically used to purify proteins due to its high solubility.  
 
 
Fig 11. The Hofmeister series. 
The anion and cations are ordered (left to right) from the highest to lowest for protein precipitation activity and their 
ability to stabilise proteins/membranes.  
 
This precipitation effect can be explained through hydration theory as a correlation between protein 
concentration (in water) and the extent of ion-water binding (ion hydration). As water-water or 
water-ion interactions increase, water availability for protein solvation decreases. Consequently ions 
that coordinate a larger number of water molecules through the formation of larger hydration shells 
are more effective at precipitating proteins than those with a smaller hydration shell (Collins and 
Washabaugh 1985). However, the molecular level of understanding is still a matter of debate 
(Zhang et al. 2010) and many theories have been proposed to explain this phenomenon i.e. water 
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dipole, electrostatic and internal pressure theories (Lo Nostro and Ninham 2012). What is 
noticeable is that the anion and cation charges have an opposite effect in terms of the precipitation 
effect.  
 
Highly charged anions show a greater potential to precipitate proteins (kosmotropes: increasing 
water-water interactions and protein stability) in solution whilst cations show an inverse effect 
(chaotropes: decreasing water-water interactions and protein stability). In recent years, the 
Hofmeister series has been considered as the ability of ions to stabilise protein/membrane structure 
(by increased ion-water interaction); in light of this, the ordering of anions/cations remains 
unchanged. Proteins are most stable when they are surrounded by strong water-water and water-ion 
interactions (See section 1.8.2 and 1.10.3), this is similar to water at room temperature.  
Typically anions increase stability as they have more hydration potential and are smaller in size 
(thus increased charge density) compared to similarly charged cations (section 1.8.4). Ammonium 
sulfate for example has been used effectively to stabilise proteins as it dissociates into two ions 
(NH4
+
 and SO4
2-
) closer to the left of the Hofmeister series (Kosmotrope). Smaller anions with 
higher charges result in stronger water-water and water-ion interactions (and hence protein 
stabilisation), therefore salts comprised of strong kosmotropic anions and cations are typically used 
(Chaplin 2013).  
 
1.11 The collective relationship  
In any cryopreservation scenario, water will interact with itself, cryoprotectants (charged or 
uncharged), proteins and whole cells at varying temperature ranges. A cryopreservation scenario 
includes the following principles and interactions: 
 Water-water, water-cryoprotectant and water-protein interactions 
 The strength and distance of the bonds involved when different charged ions are introduced 
 Water structures formed or disrupted upon cryoprotectants and chemical additives (i.e. 
sugars) introduction 
 Hydration potential of cryoprotectants affecting proteins and membrane stability 
 The type of ice structure obtained when cryopreserving samples using different pressures, 
solutes and temperatures. 
 Pressures involved to quickly cryopreserve/thaw samples to reduce ice crystal formation 
 Cryoprotective additives involved affecting the water structure and ultimately water 
characteristic surrounding cell samples 
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The complex interaction between these foreign particles (ions, proteins, cell membranes etc) will 
modify the water characteristic and ultimately how the water will react with these particles. 
Therefore the basic understanding of water structure and its phase properties should be taken into 
account when deciding on how to cryopreserve samples. This is particularly imperative when 
dealing with important microalgae strains such as commercial or research strains, or even large 
scale microalgae collections. Culture loss here can limit the progression of research possibly 
resulting in its invalidation and thus applicability. In the bigger scheme of things, this can result in 
the lack of support (from industry and government bodies) towards algae research and its 
involvement on delivering towards society and or industry needs.  
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Thesis Focus 
 
The initial aim of this thesis was to investigate the influence of cryoprotectants, procedural steps 
and growth factors on the success of cryopreservation and to use these findings towards the 
screening of a novel method in cryopreservation using high pressure freezing. Subsequently, studies 
on cell death pathways were pursued to determine the type of death microalgae undertake during 
glucose supplemented cell growth.  
 
Chapter 2 
This chapter details the empirical investigation of the factors that are predicted to be relevant to the 
survival of microalgae cells during cryopreservation and their subsequent recovery. A multitude of 
factors were examined including factors prior to cryopreservation (e.g. cell concentration), during 
cryopreservation (e.g. cryoprotectant types, concentrations and effectiveness) and after 
cryopreservation (e.g. centrifugation involvement, light intensity). A modified protocol was created 
from the results and tested against the original protocol used in these studies. 
 
Chapter 3 
With analogy to chapter 2, the mechanisms of cryopreservation were investigated using high 
pressure freezing as a novel method of cryopreservation (section 1.5.6). Variables tested were 
cryoprotectant types, planchette toxicity, sample size, sample concentration during HPF. Additional 
variables included dark period incubation and various carbon sources. The aim was to assess the 
chance for sample survival during this study and the potential for further development of this 
approach. 
 
Chapter 4 
During cryopreservation, cells can die from ice crystal formation (necrosis) or by programmed cell 
death triggered by internal damage combined with external factors. Chapter 1 showed that sucrose 
was utilised as a carbon source rather than a cryoprotectant. This indicates that post thawed sample 
recovery can be improved by the provision high carbon source. However glucose, a universal 
carbon source, led to cell death when provided to C. sorokiniana cultures. This chapter details the 
study of the mechanism of glucose-induced cell death and its implications for the improvement of 
cryopreservation recovery media. 
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Chapter 2 
Impact of Procedural Steps and Cryopreservation Agents in the 
Cryopreservation of Chlorophyte Microalgae 
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Impact of Procedural Steps and Cryopreservation Agents
in the Cryopreservation of Chlorophyte Microalgae
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Abstract
The maintenance of traditional microalgae collections based on liquid and solid media is labour intensive, costly and subject
to contamination and genetic drift. Cryopreservation is therefore the method of choice for the maintenance of microalgae
culture collections, but success is limited for many species. Although the mechanisms underlying cryopreservation are
understood in general, many technical variations are present in the literature and the impact of these are not always
elaborated. This study describes two-step cryopreservation processes in which 3 microalgae strains representing different
cell sizes were subjected to various experimental approaches to cryopreservation, the aim being to investigate mechanistic
factors affecting cell viability. Sucrose and dimethyl sulfoxide (DMSO) were used as cryoprotectants. They were found to
have a synergistic effect in the recovery of cryopreserved samples of many algal strains, with 6.5% being the optimum
DMSO concentration. The effect of sucrose was shown to be due to improved cell survival and recovery after thawing by
comparing the effect of sucrose on cell viability before or after cryopreservation. Additional factors with a beneficial effect
on recovery were the elimination of centrifugation steps (minimizing cell damage), the reduction of cell concentration
(which is proposed to reduce the generation of toxic cell wall components) and the use of low light levels during the
recovery phase (proposed to reduce photooxidative damage). The use of the best conditions for each of these variables
yielded an improved protocol which allowed the recovery and subsequent improved culture viability of a further 16
randomly chosen microalgae strains. These isolates included species from Chlorellaceae, Palmellaceae, Tetrasporaceae,
Palmellopsis, Scenedesmaceae and Chlamydomonadaceae that differed greatly in cell diameter (3–50 mm), a variable that can
affect cryopreservation success. The collective improvement of each of these parameters yielded a cryopreservation
protocol that can be applied to a broad range of microalgae.
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Introduction
Microalgal biotechnologies are rapidly being developed for
commercial exploitation of a range of products including health
supplements, animal feeds, biofuels and chemical feed stocks [1]. It
is estimated that approximately 350,000 microalgae species [2]
may exist in a diverse range of habitats, ranging from fresh to
saline water sources and from arctic conditions to thermal springs
[3]. This biodiversity provides an excellent basis for future
microalgae breeding programs which depend on extensive culture
collections.
The maintenance of liquid or semisolid algae collections based
on agar, though well-established, is labour intensive, costly and
subject to contamination and genetic change [4]. Cryopreserva-
tion provides the most robust alternative approach for storage but
has yielded varying degrees of success for microalgae [5,6]. There
is consequently a need for improved cryopreservation techniques.
The aim of this paper is to improve our understanding of the key
steps in the cryopreservation process and to optimize each of these.
Cryopreservation techniques are based on two general concepts;
dehydration of cells using osmolytes or compatible solutes
including sugars or polyols, and the prevention of ice crystal
formation through the use of cell penetrating agents such as
dimethyl sulfoxide and methanol [4,6].
Sugars such as sucrose typically do not cross cell membranes
unless active transporters are present in the outer membrane [7].
As the extracellular concentration is increased, an efflux of
intracellular water is therefore generally thought to occur via
osmosis which induces cell dehydration. This in turn reduces the
unbound intracellular water available for ice crystal formation
upon freezing [8]. Generally low molecular weight compounds are
used [5,9] but there have also been reports that certain high
molecular weight unpenetrative cryoprotectants (i.e. dextran,
polyvinylpyrrolidone) have been shown to have a cryoprotective
effect on cell viability [5], although protection is reported to be
limited.
Ice crystal formation can also be reduced by the addition of
sulfoxides or alcohols such as dimethyl sulfoxide (DMSO) and
methanol [5]. Both DMSO and methanol freely permeate cell
membranes due to their low hydrophilicity and molecular weight
and are therefore thought to disrupt ice crystal nucleation and
formation by forming hydrogen bonds with water [10,11,12].
As both cellular dehydration and hydrogen bond disruption [5]
can contribute to the reduction of ice crystal formation, the
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combined use of sugars and sulfoxides/alcohols in cryopreserva-
tion protocols can reportedly improve the success rate of
cryopreservation [13].
Despite the fact that dehydration and the inhibition of ice
crystal formation represent two distinct mechanisms by which cell
damage can be reduced, there are few reported methods that use a
combined strategy. In mammalian systems, Kuji et al. [14] and
Shier and Olsen [15] are among the few studies in which sucrose
and DMSO, used in combination, showed improved cell viability.
For microalgae, mixtures of proline, ethylene glycol and DMSO
showed better results than single agents for four species [15] while
DMSO with sorbitol (or to a lesser extent sucrose) proved
satisfactory for cryopreservation of thallus from the macroalga
Porphyra [9,16].
In addition to the strategies used to simultaneously increase
dehydration and reduce ice crystal formation, a range of freezing
protocols have been reported [4]. These include rapid single-step
freezing protocols (e.g. plunging into liquid nitrogen to minimize
ice crystal formation), two-step freezing (dehydration and cold
acclimation, followed by rapid freezing to minimise ice crystal
formation) [6] and controlled rate freezing processes (to minimize
ice crystal formation and cell damage with or without cryopro-
tectants) [4]. Encapsulation techniques utilising sodium alginate
have also been used, ostensibly to stabilise the cell membrane [17].
Of this wide range of protocols, the two-step cryopreservation
process has been reported to be among the most robust and
reliable techniques yielding high recovery levels [4,18]. Osorio et
al. [19] reported a recovery rate of 82% (of 100 algae strains
cryopreserved) during their initial cryopreservation screen on the
Coimbra collection. An added advantage of the two-step process is
that it is easy and fast to perform [20] compared to other methods
such as encapsulation and dehydration techniques [21] and does
not require complex or expensive equipment.
The first stage of the two-step process is designed to dehydrate
cells in a controlled manner. During this process, extracellular ice
forms first and has the effect of concentrating solutes in the
extracellular medium, raising the osmolarity of the extracellular
solution, driving osmotic water loss from the cell and consequently
cellular dehydration [4]. This dehydration process also increases
the relative concentration of cell permeable cryoprotectants such
as DMSO [8]. Once frozen, the second step of cryopreservation
(See Figure 1 Cryo step 2) consists of plunging the cells into liquid
nitrogen (2196uC) in preparation for long term storage. This
paper describes an empirical investigation of key steps in this
procedure and their relative importance in the success of
cryopreservation.
Methods
Routine Microalgal Culture and Maintenance
Microalgae were routinely cultured using tris-acetate-phosphate
(TAP) medium [22,23] or TAP lacking acetate (tris-phosphate; TP
medium) and stored at light intensities below 20 mE m22 s21.
Photosynthetically Active Radiation (PAR) was measured using a
handheld meter (Biospherical Instruments Inc). Microalgae
cultures during late log or early stationary phase were used for
experimentation as previously noted [19,24]. A growth curve was
established for each strain and the cell density at the onset of
stationary phase was noted and used subsequently to signal the
attainment of this stage of growth (assuming the employment of
the same culture conditions). The final cryopreservation protocol
(Fig. 1) is provided below, with variations noted in the results
section.
Isolation of Strains for Microalgae Culture Collection
Microalgae were isolated from local water bodies at a range of
locations around Australia, but mostly from the Brisbane region.
No specific permits were required for the algae collections
conducted in these public waterways for research purposes. Three
microalgae isolates were derived from private property for which
permission was granted by the owners. Endangered and/or
protected species were not involved. Full details of the collections
will be described elsewhere (in preparation).
Briefly, strains were isolated by dilution plating into 96 well
plates, by plating onto agar containing either TP medium or
autoclaved water from the sample source, or by growth in liquid
medium (TP or water source). Dilution plating from enriched
cultures or micromanipulation were used to isolate single algal
species from colonies on plates, and single-cell fluorescence
activated cell sorting (FACS) was used to isolate axenic cultures
either by collecting into liquid medium or onto agar in 96 well
plates. DNA analysis showed no bacterial ribosomal DNA
sequences present in the axenic cultures. Once isolated, strains
were maintained in suitable liquid or semisolid media. Strains used
during this study are from the families Chlorellaceae, Palmellaceae,
Tetrasporaceae, Palmellopsis, Scenedesmaceae and Chlamydomonadaceae.
Taxonomy was derived by morphological comparison to a
taxonomic guide [25]. The taxonomic identity of each strain
number is provided in the Figure 2 legend.
Initial Protocol
The initial protocol used as a starting point for method
development was derived from the literature [4,6,8]. This involved
the suspension of cells in 1.8 mL cryovials (Thermo Scientific
Nunc) at undiluted culture concentrations typically in the range of
2 – 96107 cells mL21. DMSO was added to the cultures to a final
Figure 1. Overview of the cryopreservation process. Pretreat-
ment Stage: Pretreatment of samples with cryoprotectants, cell
concentration and growth stage; Cryo step 1: Samples freezing at a
steady cooling rate. Cryo step 2: Liquid nitrogen plunge for long term
storage. Recovery: Rapid thaw in room temperature water bath, cell
dilution and agar plating for recovery.
doi:10.1371/journal.pone.0078668.g001
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concentration of 10% (v/v). The cryovials were then inserted into
a Nalgene Mr Frosty freezing apparatus, cooled in 280uC freezers
overnight before being plunged in liquid nitrogen. The samples
were then stored under these conditions for at least 24 hours.
Cryovials were defrosted to room temperature, transferred to
1.5 mL microcentrifuge tubes and centrifuged at 1500 g for 8
minutes. The supernatant was discarded and resuspended with
fresh TAP media. The sample was then serially diluted to a cell
concentration of 2.56104 cells mL21 and 200 mL was plated into
TAP agar plates. Samples were left under light intensities from 30
– 150 mE m22 s21 constant illumination.
Development of an Improved Protocol
Strains 3, 12 and 19 were used in this study to test the impact of
particular steps of the protocol, as described below. Once a final
protocol had been developed, a further 16 randomly selected
strains varying in size (shown in Figure 2) as well as three type
culture collection strains (Chlorella vulgaris, Chlamydomonas reinhardtii
and Scenedesmus dimorphus UTEX) were trialled to compare the
Figure 2. Representative algal strains showing successful recovery from cryopreservation. These chlorophyte strains were isolated from
the local environment as axenic cultures. Strains 1–6, 8–9 and 19 Palmellopsis sp; 7 Sphaerocystis sp; 10, 17 Tetraspora sp; 11, 13, 16, 18 Scenedesmus
sp; 12, 14–15 Chlamydomonas sp. All were able to be cryopreserved and showed improvements in viability after several optimisations of
cryopreservation variables despite a range of cell sizes. Scale bar represents 40 mm.
doi:10.1371/journal.pone.0078668.g002
Figure 3. The effect of cell concentration on cryopreservation
efficiency. Cell viability of strains 3 (red square), 12 (blue triangle) and
19 (black circle) expressed as % CFU / theoretically plated cells. Results
of duplicate experiments are shown for 1, 5, 10 and 68 million cell
mL21. Error is represented as the standard error of the mean and lines
of best fit are spline fits.
doi:10.1371/journal.pone.0078668.g003
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developed protocol to the initial protocol. Experiments were
conducted in triplicates and post thaw viability was measured as
colony forming units (CFU).
Final Two-Step Cryopreservation: Pre-freeze
Microalgae were cultured in 100 mL flasks shaken at 100 rpm
at an illumination of ,90 mE m22 s21 in TAP medium. Cell
Figure 4. The effect of centrifugation (6006g for 10 min) on
post thaw strain 12 (Chlamydomonas sp.) at 16106 and 506106
cells mL21. Cell viability was calculated based on CFU / theoretically
plated cells. White bars represent samples that were centrifuged whilst
grey bars represent uncentrifuged samples. Error is represented as the
standard deviation of three individual experiments.
doi:10.1371/journal.pone.0078668.g004
Figure 5. Effect of sucrose, DMSO and sucrose/DMSO mixtures on cryopreservation recovery. Row 1 (black): Control lacking sucrose and
DMSO. Row 2 (blue): 200 mM sucrose. Row 3 (orange): 10% DMSO. Row 4 (red), 200 mM sucrose and 10% DMSO. Numbers represent different algae
isolates. The data values are an average of triplicates and error bars represent the standard deviation.
doi:10.1371/journal.pone.0078668.g005
Figure 6. Effect of DMSO concentration. Strains 3 (triangle), 12
(square) and 19 (rectangle) all yielded optimal recoveries in terms of %
cell viability at 6.5% DMSO. Each data point was is the average of three
independent experiments. Error bars indicate the standard deviation
and lines of best fit are spline fits.
doi:10.1371/journal.pone.0078668.g006
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concentrations were determined using a haemocytometer and the
concentration adjusted to 56106 cells in 50 mL aliquots. Aliquots
of the appropriate cell culture (containing 16108 cells ml21) were
then dispensed into cryovials (Nunc 1.8 mL).
Cryoprotectants including sucrose (final concentration
200 mM) and DMSO (final concentrations of 0.5–15%, Sigma
Aldrich) were dispensed into separate 1.5 mL microcentrifuge
tubes and gently mixed with TAP medium to yield a total volume
of 950 mL. The cryoprotectant mix was slowly and gently pipetted
into the cryovials containing the cells, so that during mixing, the
effective cryoprotectant concentration was always less than the
final desired concentration.
Cryovials of replicate algal samples were then inserted into a
Nalgene ‘Mr Frosty’ freezing container (at room temperature),
which had been filled with the recommended level (250 mL) of
isopropanol. The Mr Frosty container was then placed into a
280uC freezer (Fig. 1). Under these conditions the system is
designed to cool at approximately21uC min21. The samples were
allowed to cool for at least 2 h before any transfers were made to
liquid nitrogen storage. Samples were left in liquid nitrogen for at
least one day prior to thawing for viability tests.
Final Two-Step Cryopreservation: Thawing & Plating of
Cells
Falcon tubes (50 mL Becton Dickinson) containing 49 mL of
TAP media were prepared so that the addition of 1 mL frozen
cells yielded a final volume of 50 mL. To prepare the samples for
transfer to a laminar air flow cabinet, cryovials were kept under
dry ice to maintain their temperature near 278uC after removal
from liquid nitrogen storage. The keep period was under 10
minutes. The samples were then thawed for 2 min afloat in a
water-filled beaker (,500 mL, 25uC), 4 cryovials at a time. The
thawed cell cultures were then gently poured into the sterile Falcon
tubes containing 49 mL of growth media at room temperature and
left without mixing for 1 h to avoid damage to the fragile cells.
After 1 h the samples were gently mixed by carefully inverting the
Falcon tubes 5 times. During this time, samples were subjected to
light intensities ,55 mE m22 s21 in the laminar flow hood.
In preparation for plating, TAP agar was poured fresh, 20
minutes prior to use (to minimize dehydration of the agar surface)
and allowed to cool. Agar plates were then divided in two, one half
being plated with a volume equivalent to 56103 cells from the
original culture, and the other with 16104 cells. The surface of the
agar plates was allowed to dry briefly, with care to prevent
excessive drying. Each plate was then sealed against dehydration
with Parafilm or plastic wrap (Fig. 1).
Cells inoculated in liquid culture were only used as a basis to
determine whether cryopreserved cells could be recovered at all, in
the case that they did not grow on solid media (i.e. survival
,,0.1%). No CFU assays were conducted on liquid cultures.
Final Two-Step Cryopreservation: Post-Plating
Plates were stored at a range of light intensities (0–425 mE m22
s21 constant illumination). Cell colonies typically grew to visually
detectable levels after 5–28 days. At this point, cell colonies were
counted and percentage viabilities calculated, comparing observed
CFU to the theoretically plated number of cells (based on the
initial CFU count prior to cryopreservation).
Investigation of Protocol Steps
Cell density and centrifugation studies. Microalgae cul-
tures from strains 3 (Palmellopsis sp), 12 (Chlamydomonas sp) and 19
(Palmellopsis sp) were subjected to cryopreservation (final method
above) at four concentrations in duplicate experiments. Cultures
were diluted to 1, 5, 10 and 686106 cells mL21 prior to
cryopreservation and post thaw viability was measured as CFUs.
Strain 12 was also subjected to centrifugation studies involving
four separate conditions conducted in three independent exper-
iments. The conditions involved a centrifugation (1.56103 g)
versus non-centrifugation step during the cryopreservation pro-
cess. Each of the conditions also employed a diluted (16106 cells
mL21) vs. undiluted (56107 cells mL21) culture concentration.
Post thaw viability was measured as CFUs.
Cryoprotectant combinations and DMSO
concentrations. Four conditions were tested; control (growth
media only), sucrose only (final concentration 200 mM), 10% (v/v)
DMSO only and 10% (v/v) DMSO and sucrose (final concentra-
tion 200 mM). The study was conducted in biological triplicates
and post thaw viability was measured as CFUs. All 19 strains were
used in this study (Fig. 2).
Test strains 3, 12 and 19 were subjected to various concentra-
tions of DMSO during cryopreservation. The concentrations were
0, 0.5, 3, 4, 5, 6, 7, 12, 15% (v/v) during the cryopreservation
process (refer to method above). This study was conducted in three
Figure 7. Effect of sucrose as a cryoprotectant. No significant
differences in % viability were observed when strains 3, 12 and 19
underwent cryopreservation with sucrose added before (grey) or after
the process (white). Error bars indicate the standard deviation of three
independent experiments which were calculated from CFUs.
doi:10.1371/journal.pone.0078668.g007
Figure 8. Cell recovery as a function of light intensity.
Microalgae strains 3 (diamond), 12 (square) and 19 (triangle) were all
most effectively recovered at 8 mE m22 s21 illumination. The viability
was calculated from CFU per total number of plated cells. Error bars
indicate the standard deviation of three independent experiments.
doi:10.1371/journal.pone.0078668.g008
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independent experiments and post thaw viability was measured as
CFUs.
Sucrose studies. Strains 3, 12 and 19 were subjected to the
cryopreservation process with the addition of sucrose into the
cryoprotectant mix before (described above) or after cryopreser-
vation. The sucrose concentrations in both conditions were 5 mM
at the point of diluting samples into 50 mL Falcon tubes. The
study was conducted in three independent experiments and post
thaw viability was measured as CFUs.
Light intensity. Microalgae strains 3, 12 and 19 were
cryopreserved (detailed above) and subjected to varying light
radiances during the post thaw step at 0, 3, 8, 22, 56, 71, 169 and
425 mE m22 s21. Experiments were conducted in triplicates and
post thaw viability was measured as CFUs.
Results and Discussion
This paper describes the empirical investigation of key steps in
cryopreservation (Fig. 1) and their integration into a process with
enhanced cryopreservation efficiency. Each of the key variables
was initially tested and optimized using 3 microalgae test strains
before validating the combined process using 19 strains. These 19
microalgae species differed in size (3–50 mm) and morphology
(Fig. 2) and were selected at random from a collection of locally
isolated strains. Ultimately, the aim of the optimised protocol was
to increase the viability of each strain.
Cell Density
Figure 1 shows the typical design of a two-step freezing protocol
and the factors that can affect its success. Optimization began with
cell concentration, as Piasecki et al. [24] reported that high cell
concentrations reduce cryopreservation efficiency, apparently due
to the presence of an injurious substance (MW, 1500 Da), which
was enzymatically released from the cell wall upon cell death [24].
This conclusion was based on heat denaturing algae cells (to 95uC)
before and after the substance was released which proved that heat
prevented the (presumably enzymatic) release of the substance. It
was further supported by using cell wall deficient mutants, which
showed concentration-independent viability [24].
Consequently, initial experiments tested the effect of cell
concentration (Figure 3) on cryopreservation efficiency in the
presence of 200 mM sucrose and 10% DMSO (v/v). These
sucrose and DMSO concentrations were used as the starting
formulation of the freezing buffer based on previous reports [4,5].
Figure 3 shows the effect of cell concentration observed for three
representative strains. These were selected to represent three
different sizes as shown in Figure 2, namely, strain 3 (3–5 mm
diameter), strain 12 (12–15 mm diameter) and strain 19 (25–35 mm
diameter). Figure 3 shows that upon increasing the cell concen-
tration from 16106 to 106106 cell mL21 the viability dropped
from ,37% to ,24% but did not greatly decline further at higher
cell densities. In all cases, higher viabilities were obtained at lower
cell concentrations, consistent with the report of Piasecki et al.
[24]. The fact that the curve flattens at higher cell concentrations
suggests that postulated toxic compounds released from dying cells
might not be lethal to all cells in the concentration range tested. As
the highest recovery was seen at 16106 cell mL21 this
concentration was used as the default concentration for subsequent
experiments. We cannot however exclude the possibility that
further dilution could further improve recovery rates, as viability
assays were not conducted for cell concentrations below 16106
cells mL21. Although improved viability at lower cell concentra-
tions appears advantageous, lower cell concentrations mean a
substantial reduction in the absolute numbers of colonies, even
with an improved survival, and so is of limited interest.
Centrifugation of Thawed Cells
Centrifugation can impose shear forces that can be damaging to
algal cells, especially post-thaw samples when they are fragile [26].
Figure 9. Cell recovery using initial and improved protocols. Strains are ordered from highest to lowest recovery rates using the improved
protocol (square), and compared to the recovery rates for the initial protocol (diamond). Triplicate analyses were conducted and error bars represent
the standard deviation. The algae size tested ranged from 3–50 mm.
doi:10.1371/journal.pone.0078668.g009
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For this reason the effect of centrifugation, which is also used to
prepare cells for pre-cooling, was tested.
Figure 4 demonstrates that eliminating the centrifugation step
post thaw increased cell viability by ,22% (of total cryopreserved
cells) at 16106 cells mL21 with a nonsignificant rise of ,4% at
506106 cells mL21. The observation that improved recovery was
obtained at lower cell densities, is consistent with Figure 3. It
cannot be excluded that the larger drop in viability observed for
the 16106 cells mL21 may in part be due to handling processes
and particularly the adhesion of cells to the pipette and the micro
centrifuge tubes, which will have a greater effect at lower
concentrations. However, as centrifugation was not essential to
the post thaw recovery steps, and as the observed effects were
generally negative, it was eliminated from the protocol.
Cryoprotectant Combinations
In preliminary screens, several cryoprotectants were examined,
including methanol which is used as a standard method for
Chlamydomonas reinhardtii, although it has also been reported to
induce light and temperature sensitivity [27,28]. Others included
glycerol, sucrose, trehalose and DMSO (data not shown). Of the
cryoprotectants initially tested, sucrose and DMSO proved to be
the most effective for the strains used here, and were therefore
selected for further analysis.
In the control sample (Figure 5, no sucrose or DMSO), only 7
out of the 19 strains tested were recovered (37% success) and then
only with low viability (i.e. ,10% of cells plated were recovered as
individual colonies). The effect of sucrose as a sole cryoprotectant
was only tested on strains 1–6 (Figure 5 blue) and yielded low
viability levels for 3 of 6 strains. DMSO had a significantly greater
cryoprotective effect (68%: 13 of 19 strains recovered). Successfully
recovered strains also exhibited improved viability (i.e. 50% of
cells plated were recovered as individual colonies).
The combined use of sucrose and DMSO yielded a further
marked improvement both in terms of the number of strains
recovered (19 out of 19; 100% success) as well as for the cell
viability (,55% of cells plated were recovered as individual
colonies) under the conditions tested. This result initially appeared
consistent with our working hypothesis that the addition of sucrose
dehydrates the cells and simultaneously increases the intracellular
concentration of DMSO which is able to freely permeate into the
cells thereby increasing its effectiveness [29]. Three differently
sized strains (3, 12 and 19) were then selected to trial specific
interventions in a more detailed fashion. These included the effects
of DMSO concentration and light intensity.
Effect of DMSO
Although the combination of sucrose and DMSO (Figure 5)
yielded higher cell viabilities for all strains tested, some strains still
demonstrated low viabilities compared to others (i.e. strain 9 and
17 with viability over 50% vs. strain 7 and 11 with viability under
10%). As the morphology of these strains was variable (Figure 2),
morphology or size was not relied upon as an explanation. Instead
it was assumed that DMSO, while an effective cryoprotectant,
could also be harmful to some microalgal strains. A range of
DMSO concentrations were tested with the three selected strains,
to identify if there was an optimum range (Figure 6).
In all three cases, DMSO concentrations between 6–7%
provided the best cryoprotection though concentrations from 5–
10% were acceptable. Reduced cell viabilities observed at lower
DMSO concentrations are thought to be due to reduced efficacy
in terms of cryopreservation (Figure 6). Reduced cell viability at
DMSO concentrations above 6.5% may indicate harmful effects,
for example on the integrity of cell membranes. Based on these
results a 6.5% DMSO concentration was defined as optimal for
these three strains. Although strictly, this does not permit
extrapolation to other strains, the similar curves and the proposed
mechanisms suggest the findings are applicable to a wider range of
microalgae.
Effect of Sucrose
Sugars which are unable to diffuse across the cell membrane are
often used as cryoprotectants. We tested sucrose, glucose, fructose
and trehalose and found that only sucrose and glucose contributed
to improved cryoprotection (data not shown) which suggested that
they were not acting as simple osmolytes. We also noticed that the
colony size was much larger on glucose and sucrose. Since these
‘‘cryoprotectants’’ are used in high concentration and some
inevitably carries over into the recovery medium, it was possible
that they were contributing to heterotrophic growth during the
recovery phase. We therefore compared the recovery of cells when
sucrose was added either as a cryoprotectant before freezing, with
those where a small amount of sucrose was added only after
thawing, in the same concentration as the carryover from thawing
and washing. We found no difference in recovery (Figure 7),
signifying that the effectiveness of sucrose most likely lies in the
post-thaw recovery phase, and not as an osmolyte during the
freezing step. This also suggests that the effectiveness of sucrose or
other sugars will sometimes depend on the ability of microalgae to
utilise them as heterotrophic growth substrates. In this particular
instance, the lack of effectiveness of fructose suggests that only the
glucose moiety of sucrose is being utilised as a growth substrate.
Effect of Light Intensity
Light is required for photosynthesis, but at high levels results in
photoinhibition, in large part due to the formation of reactive
oxygen species [30]. Immediately after thawing, photosynthetic
membranes may be damaged, more fragile and more susceptible
to light-mediated damage. Consequently, relatively low light levels
(30–150 mE m22 s21) were initially used on freshly plated cells
with the aim of minimizing photodamage during the post thaw
recovery phase. To more systematically evaluate the effect of light
intensity on cell recovery, thawed cells were plated on TAP agar
plates and illuminated at light levels ranging from 0–425 mE m22
s21 for approximately 2 weeks during which colonies were allowed
to grow from the plated cells. As all three test strains (3, 12 and 19)
were photoheterotrophic, the effect of complete darkness could
also be examined by growth on TAP agar.
Microalgae cultures can typically be well maintained in the 40–
60 mE m22 s21 illumination range, and up to ,200 mE m22 s21
do not suffer photoinhibition. However these experiments
indicated that during the recovery phase much lower light
intensities (Figure 8; ,8 mE m22 s21) were found to be optimal
for growth. Figure 8 indicates that light is beneficial for recovery
even in the presence of the acetate carbon source in TAP, but that
at above ,8 mE m22 s21 the cells in the recovery phase are very
sensitive to photodamage.
All three test strains gave the highest rate of recovery at ,8 mE
m22 s21 illumination and this value was therefore used in the final
improved cryopreservation protocol. Presumably this represents a
compromise between the beneficial effect of light (particularly for
ATP production) on cell viability and the harmful effect of light-
mediated damage on photosynthetic membranes where integrity
and repair mechanisms may be compromised by freeze-thaw
damage.
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Protocol Comparisons
Having defined the optimal settings for cell density (Figure 3),
centrifugation (Figure 4), sucrose, DMSO, combined DMSO and
sucrose (Figure 5) as well as DMSO concentration (Figure 6) and
post thaw light exposure levels (Figure 8), each optimized setting
was integrated into an ‘improved protocol’. Figure 9 compares the
percent viabilities obtained with the initial protocol (Fig. 9
diamond which corresponds to Fig. 5, red) and the improved
protocol (Figure 9 square) for all of the strains shown in Figure 2.
The protocol comparison experiment also included three reference
strains, Chlorella vulgaris, Chlamydomonas reinhardtii and Scenedesmus
dimorphus. The reference strains were additionally subjected to
cryopreservation using species-specific protocols from the litera-
ture [15,27,31].
The improved protocol allowed the successful recovery of all 19
trial strains and in all cases with improved viability. Figure 9 also
demonstrates that the method is useful for microalgae ranging in
size from 3–50 mm in diameter. This size range covers a broad
range of algae, although our microalgae collections still contain
very large strains that have proved more difficult to cryopreserve.
Micrographs of strain cultures that still had relatively low viability
revealed no clear trends in in terms of size, morphology or
taxonomy, for example strains 11 (10 mm; 16.5 %) and 2 (8 mm;
29.6 %). It proved however to yield a high success rate for a broad
range of microalgae sizes without the need for strain-specific
testing or optimisation. Of the reference strains, all were
recoverable in liquid media (regardless of the protocol used),
however S. dimorphus was the only strain recoverable on solid
media. This observation is in line with Crutchfield et al. [27] as
their cryopreservation attempts for C. reinhardtii yielded high
viability in liquid media in contrast with solid media. It was
believed that even though individual cells may survive the
cryopreservation, they may not survive the harsher conditions
presented by growth on solid media. It is encouraging that our
improved protocol, albeit not as effective as species specific
protocols, was still capable of cryopreserving broader ranges of
microalgae with good viability figures.
The examination of key variables suggests that further
improvements are possible. After the homogenous ice nucleation
temperature (240uC) has been reached, ice crystal formation
becomes inevitable [32]. The basis of the 2-step method is the
supposition that only intracellular ice, and not external ice, is
harmful [6] though some studies indicate that the terminal transfer
temperature is important [33]. Specific vitrification agents can be
used (e.g. for nucellar embryos [34]) to completely inhibit ice
formation, but have proven toxic to algae [35] and to date,
attempts to vitrify algae have relied upon encapsulation in alginate
followed by dehydration [17,36]. A more comprehensive investi-
gation of these variables is clearly of interest.
Most improvements noted here affected the post-thaw recovery
phase, suggesting that while some cells will always be killed by
freezing, many others can recover if treated correctly, resulting in
successful recovery even for strains which are normally difficult to
preserve.
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Chapter 3 
Further studies on cryopreservation including the use of high pressure freezing 
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Abstract 
Two-step cryopreservation has proven to be a successful method for long term storage of 
microalgae (Chapter 2). Although a success rate of 75 % was achieved at a 1% cut off threshold in 
terms of cell recovery, 25 % of the species tested remained recalcitrant to cryopreservation under 
these conditions. Three possible reasons for this include poor recovery methods (light and carbon 
sources) and ice crystal induced cryo-damage during cryopreservation. This chapter is divided into 
three sections which explore the different facets of cryopreservation. Firstly, the effect of dark 
incubation periods on cell viability, secondly the effect of starch as a potential carbon source during 
recovery and finally, the potential of high pressure freezing (HPF) as a novel method of 
cryopreservation. High pressure freezing has been extensively used to suspend biological samples 
in vitreous ice for high resolution structural analysis using electron microscopy.  
 
Consequently a range of Pre-HPF, HPF and post-HPF parameters were analyzed on their influence 
on cell recovery, as they had previously been identified as important in Chapter 2. These variables 
included a range of cryoprotectants (DMSO, methanol, sucrose, trehalose and agarose), planchette 
types (gold plated v. aluminum), sample sizes (0.5, 1, 1.5 and 2 L) and cell concentrations (1, 2.5, 
5, 10 and 20 x10
3
 cells µL
-1
). Growth curves have shown that there are no significant differences 
between the use of different planchette types (gold plated or aluminum). On this basis, gold plated 
planchettes were selected due to their compatibility with current HPF apparatuses and because they 
enable faster sample throughput.  
 
In all HPF conditions tested, viability was low and under the conditions tested cryoprotectant type, 
sample size and cell concentration had little effect. Upon employing dark incubation periods (1 - 
8hrs) after two-step cryopreservation, cell viability improved (~20% recovery) with time suggesting 
that photo-damage may be a significant factor that must be minimised. Parallel experiments 
indicated that whereas glucose can result in programmed cell death (Chapter 4), starch may be able 
to act as a ‘slower release’ carbon source and thus aid recovery. The use of starch (25mg mL-1) as a 
post thaw carbon source was superior to previously used carbon sources such as sucrose (4mM).The 
low recovery levels measured in this analytical matrix (<0.1%), prior to the optimization of the dark 
period may be due to the importance of multiple parameters that must be optimised simultaneously. 
The fact that samples were recovered (regardless of how low viability was) suggests that HPF is a 
potential method of cryopreservation that can be further optimised.  
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Introduction 
Over 350,000 microalgae species exist within a plethora of environmental niches, resulting in a 
diverse genetic pool of 13 taxonomic classes (Larkum et al. 2012). As a result, microalgae are the 
focus of extensive screening for products of interest. Ideally such screens are based on large 
collections with a high biodiversity, but their maintenance by traditional subculture methods on 
solid or liquid media is expensive in terms of labour and time. Cryopreservation can overcome these 
problems as cryo-samples can be rapidly prepared and stored for an indefinite period (Wood et al. 
2008). Although high viability has been reported using cryopreservation techniques (Benamotz and 
Gilboa 1980), analysis of variables has been very limited (Vajta and Kuwayama 2006). 
  
In Chapter 2, empirical factors underlying cryopreservation were studied. This ultimately led to the 
optimization of the ‘two-step’ cryopreservation protocol reported in Bui et al. (2013). Using this 
method recovery rates of over 90% were obtained from cryopreserved liquid cultures. The draw 
back of this approach is that samples that are poorly preserved can still yield a positive result (e.g. if 
1 out of 1x10
6
 cells is recovered). In contrast, reduced recovery was observed using solid media in 
conjunction with a 1% cell viability cut off threshold (~75%), due not only to the increased stresses 
from culturing on agar but also the increased survival stringency requirement.  
 
Although the majority of strains have been successfully recovered using the 2 step cryopreservation 
method (Chapter 2), ~10% have still proven difficult. An analysis of the literature suggests that ice 
crystal formation may be a critical factor during cryopreservation (Fleck et al. 2006). The rate of 
temperature reduction can affect how water molecules interact and thus define the type of ice 
crystals formed (section 1.6.3). Rapid freezing (i.e. direct LN2 submersion / flash freezing) induces 
large crystalline ice intra- and extracellularly whilst slow freezing (i.e. -1 
o
C min
-1
) forms 
extracellular crystalline ice around cells, creating a potential hyperosmotic environment. In contrast 
ultra rapid freezing (i.e. high pressure freezing) attempts to vitrify solutions free of ice crystals (Fig 
1) (Day 2004). 
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Fig 1. Effect of rates of freezing on ice crystalisation  
Cell without (a) and cell with (b) rigid cell wall. When subjected to slow cooling, extra cellular ice crystal formation 
occurs first resulting in the dehydration of cells that are not inside the crystal lattice. When rapid freezing is used (i.e. 
LN2 plunge), large intracellular ice crystals form which is always lethal. Using ultra rapid freezing, intracellular ice 
crystals form which typically is too small to cause significant damage. Figure taken from (Day (2004). 
 
Vitrification is the solidification of a liquid in which crystallisation is not observed and is usually 
obtained by using a high viscosity liquid. In order to achieve high viscosity, cellular samples need 
to be subjected to a combination of evaporative and chemical desiccation, osmotic dehydration and 
chemical cryoprotectants (Harding et al. 2004). As the temperature gradually decreases, viscosity 
increases and molecular mobility is slowed to the point that water molecules are unable to rearrange 
into crystal lattices (Fahy et al. 1984). By vitrifying samples through this method, samples can be 
directly submerged into LN2 eventually reaching an amorphous state at the glass transition point (-
137 
o
C) (Capaccioli and Ngai 2011). This has been observed in mammalian, medical and even 
microalgae cryopreservation. However, from the viewpoint of cellular health, the high 
concentration of cryoprotectants and chemicals may not be appropriate.  
 
High pressure freezing (HPF) can be used to offset the high concentrations of cryoprotectants as 
samples are flash frozen in liquid nitrogen at very high pressures (1 – 210 MPa (Microsystems 
2005; Studer et al. 2008)) to vitrify samples and thereby negate any ice crystal formation (Fig 2). 
This technique is typically used for electron microscopy however the potential for long term cellular 
storage has never been explored. The act of increasing pressure has two effects. First the ice phases 
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are shifted which allow for different structures to be obtained (e.g. at 0
o
C and 101 KPa creates 
hexagonal ice (Ih) structures whilst at 1 GPa creates IVI tetragonal structures; refer to chapter 1: 
section 1.8.3) and secondly, the rate of freezing increases therefore amorphous ice can be achieved 
(critical point for amorphous ice at -91 
o
C and 195 MPa; Fig 2). 
 
 
Fig 2. Phase diagram of water 
The combination of temperature and pressure can result in 16 different ice structures. The critical point of water at -91 
oC and 195 MPa results in amorphous ice. Figure adapted from (Chaplin (2013). 
 
In a similar fashion to conventional cryopreservation (one- and two- step), cryoprotectant additives 
can be used during HPF, the difference being the type used. Conventional cryopreservation 
techniques use sulfoxides (DMSO), alcohols (MeOH) or carbohydrates (sucrose) (Taylor and 
Fletcher 1998) in contrast to agarose and carbohydrates for HPF (McDonald and Morphew 1993). 
This may be due to the low osmotic activity of agarose and its use to support cell structure (often 
leading to successful vitrification). Like cryopreservation, pre- and post- HPF conditions can play 
an important role in the viability of samples (McDonald and Morphew 1993).  
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This chapter comprises of three sections which are different in their own right but nevertheless are 
closely related to cryopreservation. Light sensitivity and starch were examined during the recovery 
phase to determine its effect on cell viability. Chlorella sorokiniana, Palmellaceae sp., 
Scenedesmus dimorphus and Chlamydomonas reinhardtii were used in this study to represent four 
distinct algae types; small, large and two reference strains respectively. Finally, this chapter 
determines the potential of HPF as a novel cryopreservation method and whether it can compete 
with existing methods. 
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Methods 
 
Stock solution 
Stock solutions were prepared and filtered sterilised using 0.22 m syringe filters (Pall Corp). The 
following were prepared, 200 mM sucrose (Sigma 99.5%), 200 mM dextrin, 200 mM trehalose 
(Sigma 99%), 100% DMSO (Sigma 99.9%), 100% methanol (Sigma HPLC grade 99.9%) and 1% 
(w/v) agarose (Bioline). 
 
Cell cultivation 
Chlorella sorokiniana, Palmellaceae sp. and Scenedesmus dimorphus were separately cultivated in 
Tris-Acetate-Phosphate (TAP (Gorman and Levine 1965)) medium under 40 E m2 s-1 white light 
illumination. Cell cultures were sub-cultured every 14 d to reduce cell death due to nutrient 
depletion or build up of toxic compounds.  
 
Initial protocol 
To standardise variables, an initial protocol was set up and was repeated in each experiment 
throughout this chapter. Cell samples adjusted to 5 x 10
6
 cells 50 L-1 were thoroughly mixed by 
pipetting with 950 L of cryoprotectant mix (6.5% DMSO (v/v), 0.2M sucrose (v/v) in TAP media) 
prior to HPF. Cell samples (5000 cell uL
-1
) were loaded into gold planchettes and subjected to high 
pressure freezing using a Leica EM PACT 2 apparatus (Microsystems 2005). Planchettes were then 
placed inside cryovials (1.8 mL nunc) with their top punctured and placed in dewars containing 
liquid nitrogen. Each experiment was replicated 3 times to analyse statistical variability. Samples 
were subsequently placed into the liquid nitrogen storage containment system for at least 1d. Upon 
requirement, samples were retrieved and placed in liquid nitrogen dewars. Individual planchettes 
were placed in 1.5 mL centrifuge tubes containing 1 mL TAP media and subsequently stored in 
darkness for 1h prior to plating (1 x 10
3
 cells) in TAP agar plates.  
 
Pre-HPF 
Cryoprotectants 
Various cryoprotectants, reported in conventional (one/two-step) cryopreservation were tested for 
their effectiveness in HPF. Cryoprotectants were tested against all 3 algae species and each variable 
was tested in triplicate. Using the initial protocol, the cryoprotectant mix was substituted with the 
following, 0.2M sucrose, 0.2M dextrin, 0.2M trehalose, 10 mM proline, 6.5% DMSO (v/v), 5% 
methanol (v/v) and 1% agarose (w/v) in TAP medium.  
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HPF 
Variable planchettes 
C. sorokiniana, Palmellaceae sp. and S. dimorphus cultures (1 x 10
6
 cells mL
-1
) were subjected to 
growth in TAP media containing either gold plated or aluminum planchettes to test for potential 
toxicity of these materials. Each variable was conducted in triplicate. A haemocytometer count was 
conducted at t= 0, 24, 48, 72 and 96 h to determine the growth curve against a control (cells without 
planchette) for each variable. 
 
Sample size 
C. sorokiniana, Palmellaceae sp. and S. dimorphus were subjected to variable sample size studies 
during HPF. Samples were subjected to HPF following the initial protocol with the exception of 
sample size where a range was tested. The ranges are as is, 0.5, 1, 1.5 and 2 L. Variables were 
conducted in duplicate for statistical variability.  
 
Cell concentration 
C. sorokiniana, Palmellaceae sp. and S. dimorphus underwent cryopreservation under HPF. The 
process followed the initial protocol with the exception of cell concentration which varied at 1 x 
10
6
, 2.5 x 10
6
, 5 x 10
6
, 1 x 10
7
 and 2 x 10
7
 ml
-1
. Variables were conducted in triplicate. 
 
Dark incubation  
All 3 algae strains underwent conventional two-step cryopreservation (Bui et al. 2013)  
(6.5% DMSO v/v, 0.2M sucrose v/v) at 1 x 10
6
 mL
-1
. During the thawing process, samples were 
stored for t= 1- 8 h prior to plating on agar plates at every 1 h time point. Samples were conducted 
in triplicate. 
 
Starch as a post thaw carbon source  
C. reinhardtii (1 x 10
6
 cells mL
-1
) grown in TAP media was subjected to two-step cryopreservation 
using 5% (v/v) methanol. Upon thawing, samples were centrifuged at 600 g and resuspended in 500 
L TAP containing starch (25 mg mL-1), incubated in the dark for 1 h and then constituents poured 
onto TAP agar. Upon drying, plates were stored in low light conditions (8 - 20 E m-2 s-1). 
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Results and Discussion 
High pressure freezing is typically used in cryo-EM and no attempts to use it for cryopreservation 
appear to have been reported. This chapter describes the variables and mechanisms that underlie 
cell damage (and hence recovery) during HPF based cryopreservation and the effects of dark 
incubation and starch on cell viability during recovery periods. Four microalgae species were 
subjected to various experiments which are thought to play a critical role in successful HPF and 
cryopreservation.  
 
Section 1: Light sensitivity in recovery from cryopreservation 
Summary: High light is known to be detrimental (Bui et al. 2013). The degree of light tolerance 
shown by cells following thawing was investigated and shown to be extremely low.  
 
During the recovery phase, longer dark incubation periods (Fig. 3) increased cell recovery from 
two-step cryopreservation. Strains that were unable to be recovered during normal two-step 
cryopreservation protocols (Bui et al. 2013) were successfully recovered during this additional step. 
C. sorokiniana showed the highest starting viability (t = 1 h) at ~22% and further increasing to 
~35% after 8 h of dark incubation. Both Palmellaceae sp. and S. dimorphus showed similar starting 
viabilities ~9-10% and ~13-15% recovery rates after 8 h dark incubation; cell sample viability in all 
cases increased after 8 h. These results suggest that cryo-damaged cells can still propagate if given 
enough time for repair under non-light stressed conditions. It is believed that incubating cells in 
darkness results in a reduction in the production of reactive oxygen species (ROS) as excess light 
results in the production of ROS (Forster et al. 2005).  
 
By reducing ROS, energy can be focused on cellular repair rather than detoxifying ROS which 
would lead to improved culture viability. High viability has been observed in desert Chlorophyta sp. 
after 4 weeks of desiccation in darkness after which samples were recovered by hydration in 
darkness (Gray et al. 2007). This would suggest that dark incubation is an important factor in algae 
recovery regardless of the treatments subjected upon them. It is important to determine an optimal 
period for dark incubation that will purely assist in cell repairs and not result in cell propagation for 
the purpose of accurate viability readings.  
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Fig 3. Effect of dark periods on cell viability after two-step cryopreservation 
Palmellaceae sp., Chlorella sorokiniana and Scenedesmus dimorphus were subected to dark incubation periods ranging 
from t= 1- 8 h. C. sorokiniana showed highest recovery and every subsequent hour resulted in increased viability. 
Palmellacee sp. and S. dimorphus showed similar recovery levels and both species increased viability rates with time.  
 
Section 2: Starch as a carbon source during culture recovery 
Summary: Starch has been reported to be helpful as a cryoprotectant (Hubalek 2003). It is shown 
here that it has advantages during the recovery phase (better than sucrose) which may be due to its 
lack of osmotic effects. 
 
Algae species can possess glucose transporters (natural or engineered) which can secrete enzymes 
to degrade carbohydrates (e.g. C. reinhardtii mutant stm6glc4). Sucrose (4 mM) was used as a post 
cryopreservation carbon source and this resulted in the recovery of ~90% algae strains (Bui et al. 
2013). When sucrose was substituted with 25 mg mL
-1
 starch (Fig 4), stm6glc4 showed increased 
recovery including previously recalcitrant strains. Additionally, Fig 4 shows that the only stm6glc4 
cells which survived the cryopreservation protocol were the ones that grew around the starch 
granules suggesting that starch was highly prefered as a carbon source.  
 
 
It is thought that starch is a superior carbon alternative for cell metabolism in contrast to sucrose as 
starch (a complex carbohydrate comprised of glucose subunits) does not affect the osmotic pressure 
surrounding cells in solution. In contrast, sucrose is a simple sugar and an osmolyte which can 
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apply osmotic pressure towards cells (during and after cryopreservation), possibly causing osmotic 
damage by cell volume fluctuation. However, the concentration of post thaw sucrose at 4 mM 
should not present such detrimental osmotic pressures that cell viability was virtually non-existant. 
It is uncertain as to whether the amount of carbon present in growth media such as TAP (~59 mM 
acetate) is sufficient for optimal post cryoreservation recovery/growth or whether different carbon 
sources are preferred (i.e. sucrose, fructose, starch). Therefore a series of preferential C-sources 
(which affect species specific cell growth) may be beneficial for long term cultivation and strain 
collections.  
 
 
Fig 4. Chlamydomonas reinhardtii (stm6glc4) colony morphology after two-step cryopreservation 
Stm6glc 4 was subjected to two-step cryopreservation using 5% (v/v) MeOH as the cryoprotectant and 25 mg mL-1 
starch as the carbon source post thaw. Photomicrographs were taken at t= 7 D and colonies can be seen surrounding the 
starch granules (indicated by the white arrows). At t= 1-2 D, cells were observed adhering to starch granules and 
eventually enveloping the granules after time (data not shown). Stm6glc 4 is a C. reinhardtii mutant with an 
incorporated glucose transporter hence its ability to uptake glucose or other carbon sources. It is unsure whether the 
incorporation of glucose transporters result in amylase secretion hence the degradation of carbohydrates extracellularly.  
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Section 3: High pressure freezing as a novel technique for cryopreservation 
Summary: HPF is a potential cryopreservation technique which has never been tested. It is shown 
that cells can be recovered, that cryoprotectants reduce viability, and that the method has some 
potential even though current viabilities are very low.  
 
Planchette type 
The first step of HPF involves the loading of samples onto planchettes, a 2.5 mm concave disc 
made of gold or aluminum (Fig 5b). Consequently the first factor to evaluate was metal toxicity due 
to the planchettes. This was analysed at the level of cell culture and on the planchette surface. Fig 
5a shows that in cell culture all three algae types grew well in the presence and absence of gold 
plated and aluminum planchettes. C. sorokiniana samples showed the highest growth of the 3 
species. This suggests that the planchettes did not have any significant toxic effect on cells in 
solution. However it was noticed that algae did not adhere to the surface of gold plated planchettes 
in contrast to the algae clustering with aluminum planchettes (Fig 5b). This would suggest that the 
gold plated planchette had a inhibitory (possibly toxic) effect on the microalgae’s ability to adhere 
to its surface.  
 
The observation that algae grew on aluminum planchettes suggested that cultures might have higher 
growth rates compared to gold plated planchettes (Fig 5b). By assuming that the algae clusters on 
the planchette contributed a significant amount to the total growth curves, aluminum planchettes 
may therefore exhibit less toxicity for cell growth. However when comparing the size and volume 
of individual planchettes (~2.5 mm Ø; 6.87 mm
3
) to the volume of individual wells in the 24 well 
plates (~17mm Ø; 9079 mm
3
), it was concluded that the algae clusters would have not significantly 
contributed to the growth curves. Clustering has been observed during periods of culture stress such 
as pH, nutrient deprivation and predatory species (Powell and Hill 2013) which may have been 
contributed by the aluminum planchettes. Gold plated planchettes were eventually selected as they 
conferred similar growth rates to aluminum planchettes, they were compatible with newer HPF 
apparatus and they contributed to faster sample throughput. 
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Fig 5a. Effect of planchette type on algae growth 
Chlorella sorokiniana cultures show the highest growth curve of the 3 algae species tested, reaching ~1.1 x 108 cells 
mL-1. Palmellaceae sp and Scenedesmus dimorphus show similar growth rates to one another reaching ~2 x 106 cells 
mL-1. No significant differences in growth rate were observed.  
 
 
Fig 5b. Aluminum and gold plated planchette 
Algae growth is observed on the aluminum planchette as indicated by the white arrows (left) whilst no signs of growth 
are detected on the gold plated (right) planchette. The aluminum planchette is twice the thickness of the gold planchette, 
although there were no advantages between them during handling processes.  
 
 
 
 
 
 
 
 65 
Cryoprotectant additive types 
In a similar fashion to conventional cryopreservation methods, pre-HPF variables are involved in 
the viability of each sample. Several of these variables (cell concentration, growth phase and 
cryoprotectant types) were examined and optimised in chapter 2, and subsequently used as an initial 
protocol in this study. The study (chapter 2) however only examined a small selection of reported 
cryoprotectants (DMSO and sucrose) on cell viability. Hence this study examines the effect of a 
broader range of cryoprotective additives and success was based on viability assays. 
 
Additives included DMSO, methanol, sucrose, trehalose and agarose. Most of the additives used 
proved to be unsuccessful in protecting samples during HPF as no viable cells were recovered with 
the exception of the S. dimorphus control (Fig 6) and this with very low viability of ~0.65%. 
However, the fact that the control was recovered may suggest that cryoprotectant additives are not 
required for cryopreservation and may in fact be detrimental to successful HPF. The rationale is that 
during conventional cryopreservation (slower temperature depressions in -80 
o
C freezers), ice 
crystals form regardless, and that the addition of cryoprotectant additives can help minimise the 
amount of ice crystals. For example, it is believed that DMSO forms hydrogen bonds with water 
molecules and that consequently upon freezing less water molecules are bonded to each other 
resulting in a reduction in ice crystal formation (Ashwoodsmith 1986). 
 
During HPF, ice crystal formation is negated through the use of high pressures which increases 
freezing rate thereby minimizing the formation time of crystalline structures. As a result, a non 
crystalline amorphous (vitreous) structure is formed. Consequently the addition of cryoprotective 
additives may in fact be detrimental for vitrification as the additives may act as an ice crystal seed 
and induce ice crystal nucleation. Vitrification without HPF has been achieved using cryoprotectant 
and chemical additives but at very high concentrations. Harding et al. (2004) reported that plant 
vitrification was achieved by the mixture of glycerol (30% w/v), ethylene glycol (15% w/v), DMSO 
(15% w/v) and 0.4 M sucrose eventually named plant vitrification solution 2 (PVS 2) (Harding et al. 
2004). This cocktail mix was developed to dehydrate cells and increase intra- and extracellular 
viscosity and as a result, samples were able to be recovered. However osmotic stress was 
encountered due to the high concentrations of chemical additives. Similarly, 
encapsulation/dehydration was used to dehydrate and vitrify algae samples using 0.5 M sucrose 
resulting in post cryopreservation viabilities between 8 – 76% (Harding et al. 2004). 
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Fig 6. Effect of cryoprotectant types on Scenedesmus dimorphus samples 
The control (without any cryoprotectant) was recovered with very low recovery rates (< 1%). Samples were replicated 3 
times for statistical validation.  
 
Sample concentration 
Fig 7 shows the effect of varying cell concentrations on cell viability during HPF. Increased 
recovery from HPF is observed at higher concentration ranges of 1-2 x 10
4
 cells uL
-1
 (1-2 x 10
7
 
cells mL
-1
). In contrast Piasecki et al. (2009) and Bui et al. (2013) reported improved recovery when 
using lower concentrations of cells (~1 x 10
6
 vs. 2 x 10
7
 cells mL
-1
) during two-step 
cryopreservation.  
Piasecki et al. (2009) reported that cell death could have been attributed to toxic compounds being 
released during cell death from conventional cryopreservation, which may not be applicable to 
HPF. One- and two- step methods inevitably result in ice crystal formation which can fracture cell 
membranes and organelles causing both repairable and irreversible damage, in either case resulting 
in cellular leakage.  
 
When higher cell concentrations are used, neighbouring cells can come into contact with higher 
concentrations of cellular contents. This can lead to their demise resulting in a sequential effect onto 
more neighboring cells and hence may be the reason for low recovery. In contrast, HPF samples are 
vitrified thereby negating any ice crystal damage. The focus of concern could therefore shift from 
ice crystal damage to pressure based damage towards non-dehydrated cells due to the high pressures 
involved in HPF (1 – 210 Mpa (Microsystems 2005; Studer et al. 2008)). Samples frozen at higher 
concentrations resulted cell in recovery, which suggests that higher concentrations of cells can 
collectively support themselves against the pressures involved.  
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Fig 7. Effect of cell concentration during high pressure freezing on cell viability 
Three microalgae species were subjected to HPF at varying cell concentrations. At higher concentrations, recovery was 
detected at low levels. Chlorella sorokiniana was recovered at 1 and 2 x 104 with viability levels between 0.0002 – 
0.0008%. Scenedesmus dimorphus was also recovered at 2 x 104 cells uL-1 but with viability levels of only 0.0001%.  
 
Sample volume 
To determine whether volume contributed to HPF cryopreservation success, cell samples were 
suspended in various volumes (0.5 – 2 µL) and subjected to HPF. Samples were unable to be 
recovered regardless of volume possibly due to methodological issues (such as sample and 
apparatus handling) which need to be addressed before viability can be improved.  
 
Conclusion 
To determine the effect of light sensitivity on cell recovery, an experiment was conducted to 
observe cell viability in relation to dark incubation periods. Dark periods showed improved cell 
recovery as incubation periods increased, however it was noted that shorter periods should be 
selected as longer incubation periods may attibute viability to cell division. The addition of starch to 
post thaw samples showed an increase in viability especially with the recalcitrant strains suggesting 
that it acted as a carbon source. Unlike sucrose, starch does not affect the osmolarity of the solution 
which may have attributed to the success in recovery. Finally, high pressure freezing was tested as a 
novel method for cryopreservation and the relevant variables affecting cell viability were examined. 
Gold plated planchettes were used as they provided higher throughput of samples as well as their 
compatibility with newer HPF aparatus. Cryoprotectants were added to determine whether they 
aided in HPF but only the control samples had success in recovery suggesting that additives 
decreased the chance of cell survival. In addition higher cell concentration samples showed 
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improved recovery (percentage) suggesting a higher cell concentration resulted in better support 
against the pressures subjected upon the samples. From the results, it can be concluded that there is 
potential in HPF as a novel method for cryopreseration. However, an established protocol has not 
yet been created as most conditions proved inconclusive due to low cell viability with no clear trend 
with most experiments. Hence retesting of conditions and experimental redesign is required. The 
fact that the highest viability obtained using HPF was under 1% may be due to the fact that all 
conditions require optimisation before HPF based cryopreservation can be used in a practical sense.  
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Chapter 4 
Glucose metabolism induces dose-dependent Programmed Cell Death in the 
single celled green alga Chlorella sorokiniana 
 
 
Tony Vien Le Bui, Benjamin David Hankamer and Ian Lawrence Ross 
 
One sentence summary: Single celled photosynthetic green algae grow on glucose but 
undergo suicide (programmed cell death) when the glucose 
concentration is high 
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ABSTRACT 
Programmed cell death (PCD) in multicellular organisms is an essential process involved in 
differentiation and can confer a protective benefit to the organism as a whole, as part of defense or 
repair processes. Its role and origin in single celled organisms is less well understood. Programmed 
cell death is typified by the induction of caspases and the production of reactive oxygen species 
(ROS) which together result in a characteristic series of changes in the target cells including DNA 
fragmentation and ultimately result in a non-lytic cell death. Here we report the induction of a 
programmed cell death pathway in the single celled chlorophyte microalga Chlorella sorokiniana 
following dose-dependent exposure to glucose. Glucose has not previously been reported to initiate 
programmed cell death in algae. The existence of programmed cell death was confirmed through 
the demonstration of caspase activity (caspase inhibitor sensitivity), the presence of reactive oxygen 
species (by flow cytometry and ascorbic acid-mediated survival), and the formation of DNA 
fragmentation patterns (DAPI staining). While multicellular organisms clearly benefit from 
programmed cell death the advantage conferred by this process upon single celled organisms is less 
obvious. The dose-dependent PCD induced by glucose and some other PCD initiators may, at least 
in this case, reflect a canonical pathway of response to mitochondrial damage rather than being part 
of an evolutionarily relevant PCD event. 
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INTRODUCTION 
The evolutionary transformation of unicellularity to multicellularity has occurred in many 
taxonomic groups (Rosenberg et al., 2010). Due to their increased complexity, multicellular 
organisms require additional layers of regulation to maintain the health of the resultant multicellular 
organism and ensure that internal (e.g. gene expression for cell adhesion) and external functions 
(e.g. cell-cell communication, coordination and differentiation) are properly regulated. An 
important mechanism of differentiation, defence and repair is the controlled initiation of 
programmed cell death (PCD) (Ameisen, 2002) which can be viewed as a form of regulation at the 
level of the parent multicellular organism. Programmed cell death in eukaryotic cells is activated 
through signal transduction pathways which initiate the activation of proteases known as caspases 
(Hale et al., 1996) resulting in inactivation (impairing normal cell function) or activation (e.g. other 
proteases and nucleases) of specific downstream target proteins (Hengartner, 2000). Many factors 
impinge directly or indirectly on these signaling pathways. These include hormonal signaling (or 
the lack of it), environmental stresses inducing cell damage, and internal signals such as infection or 
developmental signals including terminal differentiation (King and Gottlieb, 2009; Nedelcu et al., 
2010). 
 
Hallmarks of PCD include cell shrinkage, caspase activity, nuclear condensation, generation of 
reactive oxygen species, DNA fragmentation and characteristic organelle changes (Durand et al., 
2011). In multicellular organisms, PCD is thought to have the advantages of enabling differentiation 
and morphological change, minimizing damage to surrounding tissue, suppressing inflammation 
and tumorigenesis, and enabling ease of cellular recycling (King and Gottlieb, 2009). Apoptosis is a 
highly complex and well characterised form of PCD in mammals, and is central to the normal 
function and repair of most organs as well as growth and development, though other forms of 
programmed cell death are also known (autophagy, pyroptosis, necroptosis) (Inoue and Tani, 2014). 
However as PCD in multicellular organisms involves the self-sacrifice of a cell for the good of the 
whole organism, the benefits of programmed cell death of individual cells in the culture of 
unicellular organisms such as microalgae is less clear, as the cell eliminated by this process has no 
prospect of furthering its genetic lineage. Nevertheless, several instances of PCD have been 
described in unicellular eukaryotes. 
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Durand and coworkers (2011) compared PCD to necrotic cell death in the unicellular alga 
Chlamydomonas reinhardtii. This study demonstrated that cellular contents liberated upon PCD 
were beneficial to neighbouring cells, in that the nutrients released promoted growth, in contrast to 
necrosis which was detrimental to the culture. PCD therefore provided a net benefit to the culture of 
unicellular organisms (Durand et al., 2011). As the culture was genetically homogenous the lineage 
of the cells which died from PCD was preserved and this is presented as an evolutionary rationale 
for PCD in unicellular algae. Whether this would remain the case in natural polyculture 
environments is not known. 
 
Only a few circumstances have been identified which stimulate PCD in algae, including but not 
limited to increased ROS production induced by exogenous hydrogen peroxide (Darehshouri et al., 
2008) and acetic acid (Zuo et al., 2011), temperature fluctuation (Durand et al., 2011) and salinity 
(Shabala, 2009). In this paper, we demonstrate the induction of PCD in the alga Chlorella 
sorokiniana when grown with glucose as the sole carbon source. 
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RESULTS 
A typical algal growth curve displays four growth phases; lag, log, stationary and decline. In the 
absence of an exogenous CO2 supply, Chlorella sorokiniana requires an alternative carbon source 
for growth. In a previous study (Bui et al., 2013) it was observed that supplementation of Tris-
Phosphate (TP) media with sucrose as the carbon source resulted in rapid growth of a locally 
isolated C. sorokiniana strain which we have designated C. sorokiniana GJ1. Similarly, plating of 
C. sorokiniana GJ1 on solid TP medium containing sucrose led to the formation of large colonies 
(Fig 1). Subsequently glucose and fructose (the monosaccharide moieties comprising sucrose) were 
tested and large colonies formed with glucose but not fructose, indicating that glucose can be used 
as a carbon source. It was noticed that these colonies browned and died very quickly, relative to 
colonies plated at the same time on sucrose or TP (Fig 1). This did not occur with other chlorophyte 
strains such as Chlorella vulgaris, which grows well in 100mM glucose (Chioccioli et al. 2014). 
 
Growth trials in liquid media were undertaken to examine more closely this detrimental effect of 
using glucose as a carbon source. Rather than simply observe the growth curve, samples at each 
time point were taken and plated to measure the number of colony forming units (CFU) at each time 
point. This yields an accurate measurement of the true viability of the culture, which cannot be 
assumed from estimates based on cell wall integrity or the use of vital dyes.  
 
To measure the dependency of cell viability on glucose concentration, growth trials were next 
conducted in TP using glucose as a carbon source at 0.01, 0.1, 1, 10, and 100 mM glucose. Samples 
were taken at specific time points and assayed for cell viability using CFU plate assays. In the 
lowest concentration range (0.01 – 1 mM glucose) there was a positive correlation between growth 
rate (viable cell number) and glucose supply, demonstrating that glucose can act as a carbon source 
for Chlorella sorokiniana GJ1 (Fig 2). Both 10 and 100 mM glucose inoculations yielded similar 
maximum growth rates which were higher than those observed for the 0.01 to 1mM glucose range. 
However after 48 h both 10 mM and 100 mM glucose cultures exhibited signs of lowered viability, 
a process largely complete by 72 h when CFU viability dropped to near zero. This clearly indicated 
that utilisation of glucose led to cell death at and above a concentration of 10 mM. This effect was 
also seen in a previous study (Bui et al., 2013) at a glucose concentration of 4mM but not with 
sucrose, suggesting that the need to hydrolyse sucrose into glucose and fructose imposed an 
effective limit on the availability of glucose to the cells.  
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We hypothesized that mitochondrial glucose metabolism may induce reactive oxygen species 
(ROS) which in turn lead to cell damage and death, and so we tested the effect of free oxygen 
radical scavengers which partition into the lipid phase (butylated hydroxyltoluene) or aqueous phase 
(ascorbate). We also tested whether active metabolism of glucose for growth was required for the 
effect on cell viability, and whether fructose also led to reduced viability. The control was 
photoautotrophic growth in TP, which is low because only ambient CO2 is available (Fig 3). 
However, cell viability remains high. Similar growth rates and viability levels were observed for TP 
with and without 10 mM fructose indicating that fructose cannot be used as a carbon source by 
Chlorella sorokiniana GJ1.  
 
As seen in Fig 3, the addition of 10 mM glucose to TP resulted in a higher level of growth and 
viability which peaked at approximately 20,000 CFU per plate after 48 h before abruptly dropping 
to background levels indicative of cell death. The addition of the lipid-soluble oxygen scavenger 
BHT at 0 h or 48 h did not overcome the reduction in viability due to glucose. In contrast, the 
addition of 10 mM ascorbate to TP with 10 mM glucose at 48 h resulted in a dramatic change in 
viability with continued cell growth apparent. This indicates that ascorbate had a protective role 
consistent with its reported prevention of programmed cell death. Ascorbate is a substrate of 
ascorbate peroxidase which reportedly reacts with superoxides, hydroxyl radicals, singlet oxygen 
and H2O2 (de Pinto et al., 2006) while BHT reacts with peroxy radicals and nitric oxide (Kang et al., 
2002; Grace-Lynn et al., 2012) suggesting that one or a combination of the ascorbate-reactive 
species is likely to be responsible for the observed cell death. Interestingly, the addition of ascorbate 
at 0 h inhibited cell growth suggesting that ascorbate is not acting as a carbon source and that it is 
actually detrimental to growth at this stage of the culture.  
 
As expected, negligible growth was observed for the 10 mM glucose control (lacking TP and thus 
nitrogen, phosphorous, sulfur and trace elements) but viability declined only gradually (attributed to 
nutrient and salt restriction) suggesting that active assimilation and metabolism of glucose is 
required for the effect on cell viability and the observed toxicity was not due to a direct toxic effect 
of glucose or an impurity present in the glucose. In summary, these experiments suggest that the 
addition of glucose at or above 10mM appears to result in cell death mediated by oxygen free 
radicals.  
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To confirm that ROS are being produced following growth in glucose, C. sorokiniana GJ1 samples 
grown in 10mM glucose were analysed using flow cytometry (Fig 4) in the presence of DHE which 
fluoresces in the presence of ROS (specifically superoxide). Controls lacking DHE were monitored 
to check for any increase in 585nm fluorescence that was not due to DHE. Fig 4 (a - b) show dot 
plots (chlorophyll fluorescence vs DHE fluorescence) for samples containing DHE at 24 h (a) and 
48 h (b). It is clear that the mean 585 nm (DHE) fluorescence increases greatly over this time while 
mean chlorophyll fluorescence declines (indicating chlorophyll loss) in most cells, though a 
subpopulation retains a normal chlorophyll content. In Fig 4 (c) the difference between DHE-
containing and non-DHE containing samples is displayed, showing that between 24 and 48 h, 
samples containing DHE exhibited a 6-fold increase in fluorescence compared to non DHE 
containing samples (which showing a real but small increase in 585 nm fluorescence possibly due 
to chlorophyll loss and or carotenoid content). At 24 h, DHE containing samples showed slightly 
less DHE fluorescence than at 0 h which probably reflects the transition of cells in the 24 h 
timepoint culture to a more actively growing log phase culture than the parent culture used for 
inoculation. In contrast, the decline in DHE fluorescence at 72h is due to cell death and 
disintegration which is apparent from the flow cytometry scatter data. Fig 4d shows a histogram 
plot of the DHE fluorescence profiles from the populations shown in panel (a) and (b) which also 
illustrates the increase in DHE fluorescence after 48 h in glucose containing medium. The shoulder 
at highest DHE fluorescence is probably due to a population of high chlorophyll cells visible in Fig 
4b which are presumably more metabolically active than those which are losing chlorophyll.  
 
By 48 h growth in 10mM glucose, a fluorescent population emerges in the 585nm channel even 
without the addition of DHE (Fig 4c), though the intensity of this fluorescence is much lower than 
that of DHE. In this wavelength band, the predominant colour detected is yellow, varying from 
green-yellow to orange depending on the emission spectrum. A "green fluorescence" has been 
described in algal cells which are in decline (Tang and Dobbs, 2007) and may be due to breakdown 
products of chlorophyll or possibly the synthesis of endogenous antioxidants such as carotenoids 
(Kleinegris et al., 2010) which are well described as a stress response in algae (Vidhyavathi et al., 
2008). Normally yellow fluorescence in algae would be due to phycoerythrin but this is a pigment 
of rhodophytes, not chlorophytes. Regardless, inclusion of DHE leads to the emergence over 48 to 
72 h of a population with much greater fluorescence, attributable to DHE, which indicates the 
presence of reactive oxygen species (ROS).  
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Flow cytometry analysis was supported by fluorescence microscopy imaging between 0 to 72 h 
(Fig. 5). Fig. 5a-d shows bright field (BF) images of selected cells at these time points, while Fig. 
5e-h (Fluorescence microscopy; FM) shows green fluorescence taken directly after blue light 
illumination. The red fluorescence is due to chlorophyll autofluorescence whilst the yellow-orange 
fluorescence is the result of either autofluorescence or DHE emission. Yellow-orange fluorescence 
can be observed increasing from 48 h onwards which indicates an increase in 585 nm emission. Fig. 
5i-l is identical to Fig. 5e-h except that the red fluorescence channel has been digitally subtracted in 
the image software which exposes only the green fluorescence. Between 48 to 72 h, a combination 
of localized and general presence of ROS is observed. The location of the DHE staining suggests 
that ROS are present mainly (or at least, initially) in the cytoplasm and not the chloroplast, 
consistent with a mitochondrial origin. 
 
The presence of ROS and the uniformity and rapidity of cell death in the presence of 10 mM 
glucose (as the C-source) suggested that a form of programmed cell death (PCD) was occurring, so 
experiments to identify signatures of PCD were undertaken. To screen for nuclear fragmentation, C. 
sorokiniana GJ1 cultures (TP with 10mM glucose) were stained with DAPI and imaged using 
fluorescence microscopy. Fig 6a and 6b show microalgal cells imaged under bright field (BF) 
following DAPI staining at 0 h and 72 h respectively and Fig 6c and 6d shows the corresponding 
fluorescence images. At 0 h, chloroplasts are intact with green pigmentation (Fig 6a) and nuclei 
appear distinct with only one observed per cell (Fig 6c). In contrast, after 72 h (Fig 6b and 6d) 
nuclear fragmentation is observed in the form of multiple blue fluorescent fragments per cell (white 
arrows) and cells appear opaque and less green when viewed under BF. Fig 6d also shows that some 
cells have already undergone drastic nuclear fragmentation and fluorescence of the entire cell is 
seen.  
 
PCD typically involves the activation of caspases or caspase-like proteases which cleave multiple 
cellular targets. Caspases can be inhibited by the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-Fmk) leading to an inhibition of PCD, in 
comparison to control cultures which have also received a PCD stimulus. Z-VAD-Fmk was 
supplemented into TP media with 10mM glucose at t = 0 and 48 h. As shown in Fig 7, it is evident 
that cultures treated with Z-VAD-Fmk continue to grow and maintain a high level of cell viability. 
In contrast, control cultures started to die after t= 48 h. This suggests that caspases or caspase-like 
proteases are necessary to mediate the observed loss of viability. 
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DISCUSSION AND CONCLUSIONS 
The observation of rapid cell death in C. sorokiniana cultures in the presence of glucose led to this 
investigation of the route of cell death, especially since this was not observed in other chlorophyte 
species grown under the same conditions (Chioccioli et al. 2014). The use of sucrose as a carbon 
source gave rise to large colonies on solid media (Fig 1). Although it remains possible that sucrose 
is taken up by C. sorokiniana GJ1 and cleaved internally, the demonstration that fructose is not 
utilized when supplied externally suggests that more likely, extracellular sucrose is cleaved to 
glucose and fructose and the glucose is assimilated using a glucose transporter (Buttner and Sauer, 
2000). Although C. sorokiniana GJ1 grew well on glucose, the rapid browning of colonies 
suggested that sustained glucose metabolism was harmful. As glucose is frequently used as a carbon 
source for algaculture and in some species yields maximal growth rates and biomass accumulation 
(Martinez and Orus, 1991), the mechanism of this glucose mediated cell death was investigated 
further. The results reported here suggest that culture death from glucose concentrations at or 
exceeding 10 mM may be due to the cells reaching their maximal metabolic rate (MMR) leading to 
an overproduction of ROS, yielding rapid initial growth but eventually triggering programmed cell 
death. This suggests that glucose concentrations between 1- 10 mM may provide accelerated growth 
of C. sorokiniana without resulting in premature cell death (Fig 2) or that even more rapid growth 
may be achieved by growth at higher glucose concentrations if the PCD response can be inhibited 
(e.g. with the use of ascorbate). 
 
The rapid onset of cell death also suggested that a coordinated programmed cell death was 
occurring. The demonstration of characteristic PCD mechanisms (activation of nucleases leading to 
nuclear fragmentation, and cytoplasmic induction of caspase activity) supported this mechanism. In 
addition, the presence of high levels of reactive oxygen species is a typical stimulus for the 
induction of PCD (Granot et al., 2003). A causative role for ROS induction in PCD in this instance 
is supported by the abrogation of PCD following the addition of ascorbate which reacts with several 
ROS species. Glucose is centrally involved in cellular respiration including glycolysis, Krebs cycle 
and the electron transport chains within the mitochondria and chloroplast. A dark experiment 
involving C. sorokiniana (TP + 10 mM glucose) also showed signs of premature death (data not 
shown) suggesting mitochondria was the source of ROS production rather than the chloroplast.  
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Ascorbate is a well known ROS scavenger that can reduce a broad range of reactive oxygen species 
such as superoxides, hydroxyl radicals, singlet oxygen and H2O2
 
(Blokhina et al., 2003). This 
suggests that its action in reducing intracellular ROS activity led to the maintenance of culture 
viability (Fig 3). Increased culture growth was not observed with BHT, suggesting that the ROS 
types susceptible to BHT reaction, particularly peroxy radicals and nitric oxide (Kang et al., 2002; 
Grace-Lynn et al., 2012) were not involved in triggering the proposed PCD mechanism. Although 
BHT behaves as a ROS scavenger, studies have reported that it also can have apoptosis-inducing 
effects (Palomba et al., 1999). However, ROS are also known to play essential roles in metabolism 
and signal transduction such as regulating psbA genes for photosynthesis (Couee et al., 2006) or 
facilitating the plant cell cycle (G0 – G1) (Feher et al., 2008) and therefore it is possible that their 
depletion early in the growth cycle could inhibit cell metabolism. Both ascorbate and BHT (when 
supplied at 0 h) led to an inhibition of culture growth and it is possible that this is due to the role of 
ROS in cell regulation. 
 
During necrotic death, cell nuclei do not fragment but the nuclei structure changes and undergoes 
karyolysis (Majno and Joris, 1995). Nuclear fragmentation during PCD is attributable to the 
induction or activation of endonucleases, ultimately resulting in ~180 base pair nucleosomal 
fragments (Hengartner, 2000). It is unknown whether analogous nucleases were the source of DNA 
fragmentation here but it is evident that the C. sorokiniana nuclei were fragmented (Fig 6). The 
induction of these nucleases is known to be upregulated by a cascade of cysteine proteases 
(caspases) in PCD, a contrast to the unregulated release of lysosomal deoxyribonucleases in 
necrotic cell death (Schwartzman and Cidlowski, 1993). The use of caspase inhibitors to prevent 
PCD is not definitive, as cultures after 144 h (data not shown) still eventually died, suggesting the 
either Z-VAD-Fmk was eventually metabolised or more likely, other accumulating damage led to a 
more gradual but irreversible decline in cell viability. Due to the relative non-specificity of Z-VAD-
Fmk it is not possible to identify specific caspases (or pseudo-caspases) present in C. sorokiniana 
GJ1 during the PCD induction described here. Further investigation is therefore required for the 
identification of specific caspases/ pseudo-caspases algae, for example by the use of Z-VAD-Fmk 
affinity chromatography to isolate and identify the relevant proteases.  
 
The evidence provided here supports a PCD mechanism for glucose-induced cell death. Glucose has 
not previously been reported as a trigger for PCD in microalgae, though it is known in other single 
celled organisms (e.g. yeast). In metazoans, the release of cytochrome c from mitochondria (e.g. 
during damage) is a characteristic trigger for apoptosis (Grosberg and Strathmann, 2007). The fact 
that glucose-induced PCD in C. sorokiniana GJ1 also occurs in the dark suggests that the 
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mitochondrion may be the source of PCD induction in this species as well. Mitochondrial 
metabolism of glucose is also known to lead to ROS production (Susztak et al., 2006) providing a 
cellular pathway from glucose metabolism to PCD induction. An understanding of how to regulate 
PCD in algae has practical implications especially in the context of algal biotechnology; for 
example as demonstrated here, the simple supplementation of a rapidly growing algal culture with 
ascorbate (or potentially a cheaper antioxidant) at a critical time may greatly improve robustness 
and productivity.  
 
Additional data suggesting that PCD mechanisms exist in algae which are similar to those in 
metazoans comes from a recent US patent application (Betenbaugh et al., 2013) showing that 
recombinant expression in algae of BclXL (a mammalian apoptosis inhibiting factor) also inhibits 
programmed cell death in Chlamydomonas reinhardtii. This preservation of a mammalian function 
in algal cells supports the view that the basic PCD machinery was in place prior to the development 
of metazoan life forms from simple eukaryotes. 
 
A broader, intriguing question relates to the biological significance of PCD in unicellular algae. It 
seems paradoxical that single celled organisms should have evolved a programmed form of cellular 
suicide. Since the relatively recent observation of PCD in unicellular eukaryotes, two explanations 
have been advanced for this observation. The first, exemplified by the work of Durand et al. (2011) 
is that the PCD mechanisms occur in the context of a community of microorganisms where most 
cells are clones of the others. In this case, any mechanism that promotes the viability or 
reproduction of the remaining cells will be selected (Severin et al., 2008). However, the 
demonstration of a selective advantage in a laboratory situation (Durand et al., 2011) or in some 
highly specific natural environment (Shabala, 2009) supports but does not prove that PCD in algae 
is a selected evolutionary trait. The other explanation advanced is that PCD is an accidental 
outcome of the function of a physiological mechanism which has some other purpose, and from 
which apoptosis in metazoans may have evolved (King and Gottlieb, 2009). The dependence of 
PCD in algae upon the production of excessive ROS and the central role of high, but not low levels 
of glucose inclines us to this explanation, but it has to be said that only the detailed elucidation of 
the mechanisms involved in PCD in unicellular algae will enable an understanding of the role of 
PCD in unicellular algae in a biological and evolutionary context. The dose-dependent induction of 
PCD by glucose provides an excellent system in which to investigate these mechanisms at the 
molecular level. 
 
 
 82 
MATERIALS AND METHODS 
Preparations of stock solutions and media 
Stock solutions 
The following stock solutions were prepared and filter sterilized using a 0.22m syringe filter (Pall 
Corp) before being stored at 4
o
C and in the dark (as indicated): 1M L-ascorbic acid (pH 7.2, 
Sigma), 10mM butylated hydroxytoluene (BHT, Sigma) in 100% methanol, 2.9 mM 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, stored in the dark) in 100% DMSO 
(Sigma), 3.17mM dihydroethidium (DHE, Sigma), in 100% DMSO (stored in the dark), 1M glucose 
(Sigma), 1% (v/v) Triton X-100 (Merck) and (8% w/v) formaldehyde. The formaldehyde stock 
solution was prepared by dissolving paraformaldehyde powder (Sigma; 95% pure) in phosphate 
buffered solution (PBS: 137mM NaCl, 2.7mM KCl and 10mM Na2HPO4, 2mM KH2PO4 pH7.4) at 
60
o
C. 1M NaCl was then added drop wise until the solution became clear. The solution was then 
cooled, pH adjusted to 6.9, filter sterilized and kept in low light in 4
o
C. 
 
Growth conditions: 
A locally isolated microalgae species was identified morphologically and by 16S and 18S 
sequencing as Chlorella sorokiniana (Jakob et al., 2013) and designated C. sorokiniana GJ1. A 
colony was inoculated into 50 mL Tris-Acetate-Phosphate medium (Gorman and Levine, 1965) 
which contained a final concentration of the following elements Tris (20 mM), TAP salts (7mM 
NH4Cl, 0.83mM MgSO4.7H2O, 0.45mM CaCl2.2H2O), phosphate solution (1.65mM K2HPO4, 
1.05mM KH2PO4) and trace elements (0.134mM Na2EDTA.2H2O, 0.136mM ZnSO4.7H2O, 
0.184mM H3BO3, 40M MnCL2.4H2O, 32.9M FeSO4.7H2O, 12.3CoCl2.6H2O, 10M 
CuSO4.5H2O, 0.928M (NH4)6Mo7O24.4H2O), pH 7.0-7.2) and incubated for 96 h (25
o 
C, 200 rpm 
shaking, 40 µE m
-2
 s
-1
 white light from Lumilux
TM
 36W fluorescent bulbs). Next Tris-Phosphate 
(TP, pH 7.0-7.2) and TP medium supplemented with 0.01 to 100 mM glucose or 10 mM fructose 
were inoculated to give a final concentration of 1x10
6
 cells mL
-1
. The cultures were then incubated 
for 96 h (25
o 
C, 200 rpm, 40 E m2 s-1 white light illumination. For the glucose containing medium, 
some samples were supplemented with reactive oxygen species (ROS) scavengers in the form of 
ascorbate (10mM final concentration pH adjusted to 7.2) and BHT solutions (0.1mM final 
concentration) respectively at either t=0 and t=48 h after commencement of the experiment. For 
growth on agar plates, TAP medium was supplemented with 1.5% (w/v) agar. All experiments were 
conducted in triplicate. 
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Cell viability 
Viable cell counts at different stages of the growth curve were determined by sub-culturing the cell 
culture onto TAP agar plates and quantifying colony forming units (CFU) based on the resultant 
colonies. Triplicates were performed at t= 0, 24, 48, 72, 96 h of the growth trials and 1000 cells 
were initially dispensed (t= 0 h) based on haemocytometer counts (Fig 3 being the exception with 
2000 cells dispensed from a starting culture of 3 x 10
6
 cell mL
-1
). Viability data are thus expressed 
as CFU mL
-1
. 
 
Caspase inhibition 
To determine whether caspases are involved in the cell death process the general caspase inhibitor 
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-Fmk 20mM; Promega 
corporation) was added to cell cultures at t= 0 and 48 h to a final concentration of 50M. Additional 
cell cultures grown in TP and TP and 10mM glucose were used as controls. Culture growth curves 
were determined based on CFU measured at t=0, 24, 48, 72, 96 h.  
 
ROS identification via flow cytometry and fluorescent microscopy using dihydroethidium 
(DHE) staining 
Algae samples from t= 0, 24, 48, 72 and 96 h were diluted to 1 x 10
6
 cells mL
-1
 before the addition 
of dihydroethidium (DHE; Sigma) solution (final concentration 1.6 µM) and samples were then left 
in the dark at room temperature for 20 minutes prior to use. A Becton Dickinson FACS Canto II 
was used to measure cell populations producing ROS which converts DHE (emi 510 nm) to 2-
hydroxyethidium (2-OH-E
+
; exc= 510 nm, emi= 585 nm emission) which is trapped within the cell. 
 
Intracellular ROS formation was observed when using a Nikon Ti-U fluorescent microscope for 
identification. The microscope utilized a GFP filter (Nikon GFP-4050B; exc= 446 - 486 nm; di= 
495LP; emi= 500 - 550 nm) to excite 2-OH-E
+
 (exc= 510 nm) which upon excitation resulted in 
green-yellow fluorescence emission between 570 to 580 nm. Cellular fluorescence emission 
patterns were imaged using a Nikon digital sight DS-U2 5mp camera and NIS-elements bright field 
(BF) imaging software. Images were captured as soon as illumination began to minimize photo 
bleaching. DHE fluorescence was isolated by reducing the red channel (chlorophyll fluorescence) to 
0% using the imaging software Photoshop CS3. 
 
DAPI staining  
To monitor nuclear fragmentation, algae test cultures were sampled at t = 0, 24, 48, 72 and 96 h and 
diluted to 1 x 10
6
 cells mL
-1
 before being cross-linked with 1% formaldehyde for 30 minutes to 
maintain cell integrity following Triton X-100 and DMSO treatment. Triton X-100 (0.1%) and 
DMSO (10%) were then added into the solution to permeablise the cells. After 10 minutes, DAPI 
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(Sigma Aldrich) fluorescent dye was added to a final concentration of 1.6 µM to facilitate the 
detection of DNA. Upon UV illumination, the induced fluorescence was immediately localized 
within cells using a Nikon D900 camera attached to an inverted fluorescence microscope (Olympus 
IX-71). 
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FIGURE LEGENDS 
 
Fig 1. Effect of sucrose and glucose on C. sorokiniana 
colony growth.  
C. sorokiniana GJ1 cultures were inoculated onto 
separate agar plates containing TP (a) or TP containing 
10 mM fructose (b) with both plates showing similar 
growth rates with small colony sizes (<1 mm). Cultures 
supplemented with 10 mM sucrose (c) or glucose (d) 
grew rapidly and colonies observed (~2mm) were larger 
than the control or fructose supplemented. After 7 d, 
glucose colonies, but not other colonies, browned and 
viability testing (visual colony streaking) confirmed 
greatly reduced viability (data not shown). 
 
 
 
Fig 2. Viability of C. sorokiniana at increasing 
glucose concentrations.  
C. sorokiniana GJ1 grown in TP with a range of glucose 
concentrations from 0.01 mM to 100 mM showed 
increasing initial growth rates which correlated with the 
glucose concentration up to 10 mM. Cultures grown at 1 
mM glucose or less continued to show a steady rise in 
CFUs over time throughout the 96h experiment. In 
contrast, the viability of cultures grown in 10 mM and 
100 mM glucose dropped to zero between 48h and 72h. 
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Fig 3. The effects of glucose, fructose and scavengers of reactive oxygen species (ROS) on the growth of Chlorella 
sorokiniana under mixotrophic conditions.  
Cultures were grown in the presence of (a) TP with 10mM glucose (b) TP with 10mM fructose (c) TP only or (d) water 
with 10mM glucose. Replicate cultures were also prepared with either ascorbate or BHT added at either t=0 or t=48 h. 
Although growth did not occur in water with 10mM glucose, due to lack of nitrogen, phosphorous and other essential 
nutrients, viability stayed relatively constant, indicating that metabolism of the glucose during growth is required for the 
observed reduction in viability. Growth and viability in TP with 10 mM fructose was identical to that in TP alone 
indicating that fructose is not used as a carbon source. Addition of BHT at 48 h had no effect on cell viability and was 
toxic when added at 0 h. Addition of ascorbate was also toxic at 0 h but greatly prolonged viability when added at 48 h. 
Data points are the average of individual triplicate experiments and cultures were inoculated at 3 x 106 cell mL-1. Error 
bars represent the standard deviation.  
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Fig 4. Correlation of glucose-induced ROS overproduction and cell death.  
C. sorokiniana GJ1 samples were incubated in TP with 10 mM glucose and analysed by flow cytometry at t = 0, 24, 48, 
and 72 h in the presence of the ROS reporter dye dihydroethidium (DHE). Contour plots were used to view chlorophyll 
fluorescence vs. DHE fluorescence (30nm bandpass filter centred on 585nm) at 24 (a) and 48 h (b). The shift to greater 
DHE fluorescence and decreased chlorophyll fluorescence is noted using an arrow on panel b. Gating on forward scatter 
area (FSC-A) and side scatter area (SSC-A) was used to ensure that the physical characteristics (size and granularity) of 
each population was similar. C) The mean DHE fluorescence at 585nm was viewed using a histogram plot, showing the 
growth in peak size between 0 to 72 h. The y-axis is multiplied by 1x103 and the graph was the average of triplicates. D) 
A representative peak at 24 and 48 h was overlaid to visually demonstrate the difference in 585nm fluorescence at 24 h 
vs 48 h. A developing ‘right shoulder’ can be observed developing at 48 h and the fluorescence can be observed 
increasing in intensity as time increases.  
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Fig 5. Stained cells and ROS accumulation.  
C. sorokiniana GJ1 incubated in glucose medium for 72 h, stained with DHE and imaged using fluorescent microscopy 
in bright field and UV radiation mode. Top and middle rows show stained cells in a bright field (a-d) and a GFP 
illuminated (446-486nm excitation; 500-550nm emission) image (e-f) respectively. ROS in the presence of DHE 
fluoresce yellow-orange, and chlorophyll autofluorescence is red. Fig5i - l is a duplicate of e - h panel with the red 
colour channel (chlorophyll auto excitation) digitally removed. This completely eliminates the chlorophyll signal, 
leaving a yellow-green colouration which originates from the DHE fluorescence 
 
Fig 6. Fluorescent imaging of nuclei fragmentation in 
C. sorokiniana grown in the presence of glucose.  
C. sorokiniana GJ1 cells were stained with DAPI and 
viewed using a fluorescence microscope. Fig 6a and b 
are bright field images of C. sorokiniana cells at 0 h and 
72 h respectively whilst 6c and d were imaged under 
fluorescent microscopy using UV excitation. Nuclear 
fragmentation can be seen at 72 h (white arrows point to 
the fragmented nuclei) in contrast to 0 h where the 
nucleus is intact. 
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Fig 7. Effect of Z-VAD-Fmk on the survival of C. 
sorokiniana cells undergoing programmed cell death.  
C. sorokiniana GJ1 were grown in TP with 10 mM 
glucose for 96 h. The control (TP medium only) shows 
limited growth but maintains viability whereas the 
culture with TP with 10mM glucose undergoes a steep 
decline in viability after 48h. The addition of the general 
caspase inhibitor, Z-VAD-FMK at 0 h or at 48 h, 
maintained high levels of viability in each case and 
cultures continued to grow after 48h. Each data point 
was conducted in independent triplicates and error bars 
show the standard error of the mean.  
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SUPPLEMENTARY DATA 
 
 
This data shows that DNA laddering during agarose gel electrophoresis does occur during the 
period of PCD. However, not all glucose treated cultures displayed the DNA laddering effect which 
we attribute to the difficulty in obtaining DNA at precisely the time between induction of PCD and 
complete degradation of nuclear DNA. In Fig S1, DNA laddering can be observed at 96 h (+ 
glucose) suggesting that DNA did undergo the hallmark DNA fragmentation characteristics of 
PCD. A reliable correlation was not observed between the time of DNA fragmentation (96 h) and C. 
sorokiniana growth rates (the viability of cultures declined rapidly between 48 – 72 h). This 
suggests that PCD, or at least DNA fragmentation, may occur at variable times following loss of 
cell viability as assessed in the CFU assays.  
 
 
Fig S1. Nucleosomal fragmentation of genomic DNA in chlorella sorokiniana 
Samples were grown for 96 h in TP + 10 mM glucose vs. TP for 96 h and DNA was extracted from each sample at t= 0, 
24, 48, 72 and 96 h. Agarose gel electrophoresis (0.7 w/v) was then used to detect DNA laddering (degradation into 
characteristic multiples of ~200 bp nucleosomal fragments). Lane 1 contains a 1 kb (Gene ruler; Thermo Fisher 
Scientific) ladder whilst lanes  2 & 3 are DNA at 0 h from cultures grown in TP + 10 mM glucose (+) vs. TP (-). This is 
also respective for lanes 4 & 5 (24 h), 6 & 7 (48 h), 8 & 9 (72 h), 10 & 11 (96 h). DNA laddering is observed in 96 h (+) 
which is indicative of the hallmark characteristic of PCD. 
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Chapter 5 
Conclusion and Future Work 
 
Decreasing fossil fuel reserves and increasing fuel demands have motivated greater research 
directed at identifying and evaluating alternative fuel sources. Microalgae are an attractive and 
viable alternative fuel source as they can sequester environmental CO2, be cultivated on non arable 
land and attain high growth yields. Cryopreservation is one of the most promising methods for 
preserving algal cell lines as samples can be stored at liquid nitrogen temperatures thereby 
inhibiting metabolism and release of energy required to enable physical or chemical deterioration 
(Day 2004).  
 
Multiple factors can affect the success of cryopreservation, ranging from pre- to post- handling 
procedures. These include but are not limited to simple handling techniques, cryoprotectant 
concentrations, carbon sources and light intensities (Bui et al. 2013). During the cooling phase, ice 
crystal formation occurs which is always lethal when formed intracellularly; prevention of this is 
thus highly desirable (Day 2004). Several cryopreservation methods exist that attempt to negate ice 
crystal formation, although most if not all are unsuccessful without the use of cryoprotective 
additives at relatively high concentrations (Harding et al. 2004). Two-step cryopreservation is a 
widely used technique that cools samples at a set rate (between 1 – 5 oC min-1) prior to storage in 
liquid nitrogen. The controlled cooling rate theoretically results in sufficient dehydration to prevent 
any intracellular ice nucleation from occurring (chapter 1: section 1.5.3). In terms of algae 
cryopreservation, wide success has been achieved using this method however many important 
factors affecting viability have been poorly investigated or documented. Thus a better 
understanding of these factors was targeted through experiments outlined in chapter 2.  
 
During initial viability screening, greater success was achieved using dimethyl sulfoxide (DMSO) 
as a cryoprotectant rather than methanol (MeOH). DMSO was therefore adopted for further 
experiments. Although both cryoprotectants are thought to disrupt hydrogen bonding and so prevent 
ice crystal formation (Ashwoodsmith 1986), an undesirable consequence of MeOH was the 
apparent damage to the photosynthetic electron transport in cell samples evident from Piasecki et al. 
(2009). A set of experiments were performed (chapter 2) and ultimately, two factors found to confer 
significant advantages towards sample viability; sucrose concentration and growth conditions, 
specifically light levels (during recovery). Sucrose is a well established and effective extracellular 
cryoprotectant and so it was used in experimental protocols with the aim of further improving 
cryopreservation success. Its addition ultimately led to greater viability, but surprisingly this was 
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shown not to be due to its cryoprotective abilities. Tests showed that sucrose added before (200 mM 
initial concentration) or after cryopreservation (4 mM post-thaw concentration after the dilution 
step) displayed no significant differences in viability (cf. control) thus it led to the conclusion that 
sucrose acts as a carbon source rather than a cryoprotectant per se (chapter 2: Fig 7).  
 
Although acting as a carbon source, sucrose may confer additional advantages to cryopreservation. 
Sucrose is an osmolyte and therefore increases the osmolarity of the solution, ultimately 
dehydrating cell samples. By the time samples reach freezing point, intracellular water is minimised 
thus working synergistically with DMSO to minimize intracellular ice damage. Sucrose is 
comprised of fructose and glucose moieties, which can be directly metabolised to provide a carbon 
source, similar to the acetate provided in TAP medium. The observation that C. sorokiniana grew 
faster in TAP + 10 mM sucrose/glucose suggests that they prefer these sugars over acetate as a 
carbon source. The use of sugars was only applied to axenic cultures, addition of sugars to non-
axenic cultures would have resulted in an overgrowth of bacteria and fungi. During these studies, no 
contamination was observed. 
 
Light intensity was also an important factor for cell viability, during the post-thaw recovery step. 
Observations indicated that higher light did not necessarily confer better growth and that high light 
(~400 E m-2 s-1) inhibited post-thaw growth. This was thought to be due to either photo-inhibition 
or the inability to reduce reactive oxides from damaged cellular machinery. A range of light 
intensities (8 – 425 E m-2 s-1) were therefore examined and all three strains tested showed 
improved viability as light intensity decreased (chapter 2: Fig 8). Not only was this finding 
significant for recovering cryopreserved samples, but it also allowed recovery of genetically 
modified/transformed strains which otherwise exhibited very low or no viability (data not shown). 
 
The factors summarised above were mechanistically examined and subsequently optimized for 
maximal viability with the final protocol combining several optimised factors including light 
intensity (~8 E m-2 s-1), DMSO concentration (6.5% v/v) and cell concentration (1 x 106 cells mL-
1
). The overall progress of this protocol has led to the successful cryopreservation and recovery of 
over 150 collected strains (~90% success rate) in our laboratory. Not only has this reduced the costs 
of monthly subculturing but also the labour and time involved in doing so (from approximately five 
days to one). Research here (although only applied to microalgae in this study) has the potential to 
be find uses elsewhere in the research and/or biotechnology sectors, such as the cryopreservation of 
higher complexity organisms, the storage of stem cells and organs in clinical medicine (stem cell 
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and organ storage) and industrial purposes (long term storage of breeding stocks and culture 
collections).  
 
Although the improved protocol is applicable to a broad range of algae (as demonstrated by the high 
success rates for the various genetically and morphologically distinct collected strains), it is not 
perfect and there are still unknown variables, optimisation of which may yield further 
improvements in cell viability. Two major challenges include further reducing ice crystal formation 
and identifying the preferred carbon source to assist post thaw recovery. Various carbon sources 
were screened to determine improved growth using C. sorokiniana. Colonies appeared larger when 
subjected to TAP or TP + 10 mM sucrose/glucose compared to fructose or TP (control). 
Unexpectedly, C. sorokiniana colonies (grown in TP + 10 mM glucose) died after 7 d following 
glucose supplementation leading to the exploration of the mechanism of cell death in that particular 
species. It was shown that glucose induced programmed cell death (PCD) was responsible. During 
PCD, reactive oxygen species (ROS) are overproduced which is one of the causative agents for 
triggering cellular suicide (Perez-Perez et al. 2012).  
 
Ascorbate is a well known ROS scavenger and initially glucose cultures were supplemented with 
ascorbate prior to cell death. This resulted in continuous culture growth, suggesting that the type of 
ROS produced were either or a combination of superoxides, hydroxyl radicals, singlet oxygen and 
hydrogen peroxide as they are reduced by ascorbate (de Pinto et al. 2006). ROS in this situation was 
suggested to originate from the mitochondria rather than chloroplasts due to the death of glucose 
inoculated samples grown in the dark (unpublished observation). The addition of ascorbate during 
sample inoculation however led to a lack of growth suggesting that ROS are required for proper 
cellular function or that ascorbate was otherwise inhibitory.  
 
In the context of cryopreservation, the supplementation of ascorbate may benefit cell recovery by 
reducing photosynthetic ROS (induced by light) which was previously shown to be detrimental to 
cell viability. PCD can be triggered by stress responses such as the presence of ROS (Darehshouri 
et al. 2008), chemical additives (Zuo et al. 2011) and temperature fluctuation (Durand et al. 2011), 
factors all involved in cryopreservation. The fact that cell recovery was still observed after samples 
were subjected to chemical treatment (DMSO and MeOH) and temperature fluctuation 
(cryopreservation and thawing) suggests that ROS may have a larger role in cell death during the 
recovery phase. The addition of ascorbate to the recovery phase may reduce the level of ROS 
induced damage, thus resulting in greater cell viability levels. This is an experiment yet to be 
conducted but would prove significant to the cryopreservation literature.  
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Other hallmark characteristics of PCD observed included nuclear fragmentation (fluorescent 
microscopy DAPI stain) and the presence of caspase/pseudo caspases (molecular probe Z-VAD-
Fmk). From these observations, it was surmised that addition of glucose to C. sorokiniana cultures 
was inducing programmed cell death. PCD observed in multicellular organisms is easily 
rationalised by reference to differentiation, cellular altruism and proper life cycle. However it 
becomes perplexing when it is observed in a unicellular organism especially where taxonomically 
similar relatives show beneficial effects of glucose supplementation (Chioccioli et al. 2014).  
 
Since glucose metabolism is known when in surplus to produce mitochondrial damage (Granot et 
al., 2003; Ruckenstuhl et al. 2010), there is no a priori need to postulate an evolutionary advantage 
to this observation. Also the advantage observed by Durand et al. (2011) were demonstrated in a 
highly artificial laboratory setting and it is more difficult to imagine that this could work in a natural 
ecosystem. We therefore propose that in the agenda of parsimony alone, there is no requirement for 
PCD in this context to confer an evolutionary advantage. We theorise that PCD in this case may be 
an accidental outcome of a physiological mechanism which has some other purpose, and from 
which PCD (in metazoans) may have evolved. 
 
Further research is required to conclusively determine whether this is an evolutionary trait in 
unicellular organisms, which may in turn provide insight into the evolutionary lineage of certain 
cellular characteristics. A recent US patent application (Betenbaugh et al. 2013) has shown that the 
recombinant expression of a mammalian apoptosis inhibiting factor (BclXL) in C. reinhardtii 
inhibited PCD. This suggests that studies involving the molecular mechanisms of metazoan PCD 
(gene expression of caspases) could be applied towards the investigation of algal PCD in the future. 
For example, there may be potential for the discovery of analogous metazoan PCD genes in algae 
which include decision making, execution, engulfment and degradation type genes (Liu and 
Hengartner 1999). Future research into C. sorokiniana PCD will require the isolation of 
caspases/pseudo caspases involved (by using Z-Vad-Fmk bound affinity chromatography) followed 
by detailed characterisation of the isolated proteins and comparative studies of their molecular 
mechanisms. Furthermore, the observation that cultures continue to grow following the addition of 
ascorbate suggest there may be applications for ROS scavengers in industry-scale algae production 
systems as a means of (reducing the presence of ROS and) benefiting algae growth.  
 
Two-step cryopreservation variables were further investigated including the effect of starch as a 
carbon source during culture recovery and dark incubation periods on cell viability. Light levels are 
important in various experimental methods, therefore it was imperative that an existing (and 
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successful) method of cryopreservation was used to evaluate this factor and therefore a two-step 
cryopreservation was used. Chapter 2 demonstrated that lower light levels resulted in improved 
recovery rates during the recovery phase, whilst in chapter 3, samples were incubated in complete 
darkness for a set period immediately after thawing. All three strains tested (C. sorokiniana, S. 
dimorphus and Palmellopsis sp.) show improved recovery after dark incubation regardless of time 
(1-8 h). This suggests that the mechanisms of cellular repair occurs immediately after thawing 
which demonstrates the importance of dark incubation. Dark incubation acts by inhibiting 
photosynthesis therefore ROS production, it is uncertain whether the energy required for 
photosynthesis is definitively rerouted towards cellular repair. Therefore an experiment comparing 
the effects of post thaw dark incubation vs. ascorbate mediated ROS removal may shed light on this 
subject. 
 
During this period of cell recovery, energy is utilised to recover and repair damage incurred during 
cryopreservation. It seems logical to suggest that nutritional sources could play an important role in 
cell function, especially during this crucial period. Previously we have noted that sucrose acts as a 
carbon source rather than a cryoprotectant and hence post-thaw carbon sources were used (Bui et al. 
2013), in particular starch (Chapter 3). It was observed that stm6glc4 colonies grew when they 
surrounded starch granules suggesting that they had a preference to starch over sucrose metabolism. 
Cells that were not recovered using the modified two-step cryopreservation method (even with the 
substitution of DMSO with MeOH) were successfully recovered when dark periods and the addition 
of starch were incorporated. This may be due to the combination of a non osmotic carbon source 
metabolised heterotrophically and the reduction of ROS during dark incubation periods. Because 
MeOH was used, samples were treated under subdued light as high light can damage photosynthetic 
electron transport in the presence of MeOH (Piasecki et al. 2009).  
 
Two-step cryopreservation is a common and successful approach to long term storage. Here, 
targeted modifications were attempted to improve the speed and convenience of this 
cryopreservation approach. With the view of high sample throughput that would encompass larger 
strain libraries, high pressure freezing was used. HPF allows algae to be cryopreserved almost 
instantly (~3,500 
o
C s
-1
 (Studer et al. 2008)). Under these conditions, formation of vitreous ice is 
favoured over crystalline or hexagonal phase ice, and it was hypothesised that the former would be 
less detrimental to post thaw recovery. With analogy to chapter 2, cryopreservation factors were 
investigated and subsequently optimised. Factors investigated included cryoprotectant types, 
planchette toxicity, sample size and cell concentration as well as an additional variable- toxicity of 
the HPF planchette. Even though an initial protocol was standardised (to reduce unnecessary factors 
affecting viability), most experiments testing these variables resulted in low recovery viabilities. 
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Previously successful cryoprotectants were tested during HPF however the only sample that was 
successfully revived was the control (cells + growth media). It is suggested that the influence of 
cryoprotectants on water interaction may have played an important role in the success of 
vitrification during HPF, since cryoprotectants such as sucrose and glycerol are known to alter the 
formation of vitreous ice in other studies (Yoon et al. 1998). The presence of cryoprotectants may 
act as an ice crystal seed thus causing more damage compared to the control samples which have 
limited additives to affect ice nucleation thus leading to vitrification.  
 
To date, the combination of DMSO and MeOH based two-step cryopreservation has successfully 
stored and recovered over 200 strains of microalgae ranging in size and morphology with individual 
sample viabilities between ~10 – 85%. Even with the incorporation of dark incubation periods for 
post HPF recovery, most samples were not recovered which suggests that there are underlying 
factors encumbering the success of the protocol which need to be addressed. These factors may 
range from simple sample handling and preparation up to regulation of light levels in a more 
comprehensive manner than what has been addressed here. Future work is required to identify the 
specific factors having a significant effect on HPF cryopreservation success. Once primary 
causative factors are established, it may be feasible to pursue additional optimisation experiments 
with a view to improving the process of HPF cryopreservation. 
 
This thesis has investigated both theoretical and applied principles of cryopreservation, cell damage 
and death. As a practical understanding of cryopreservation advances, the research direction 
outlined here will enable a broader range of algae to be preserved, reducing costs and improving the 
feasibility of larger algae collections. The work reported here demonstrates the importance of 
understanding the underlying mechanisms of cell damage and death in the context of 
cryopreservation. Many unanswered questions remain to be investigated before we can understand 
how closely the mechanisms of algal cell survival and death relate to those in other organisms. The 
answers to these questions may provide practical advantages for the cryopreservation of a broader 
range of algae as well as a deeper perspective on the evolution of programmed cell death.  
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